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SIHOPSIS 

MOSSBAUER SPECTROSCOPIC STUDIES OP SOME COBALTATES , 
garrets ard dilute ALUMIRIUM-IROR alloys 

by 

VIRERDRA KUMAR 
Ph.D. 

Department of Physics 
Indian Institute of Technology 
Kanpur, INDIA 

Mhssbauer spectroscopy is a highly sensitive technique 
for studying hyperfine interactions in solids. It provides 
valuable information about the local environment of the probe 
atom and various phases present in the solid, Mbssbauer 
spectroscopic techniques have been successfully applied to a 
wide variety of problems in physics, chemistry, biology, 
metallurgy and geological sciences etc. In the present work, 
valence fluctuations in cobaltates, crystallization kinetics 
of amorphous rare-earth garnets and phase transformation in 
rapidly solidified aluminium-iron alloys are studied using 
Mbssbauer spectroscopy. Recently substituted garnets and 
cobaltates are the two classes of materials which have evoked 
considerable interest because of technological usefulness of 
these materials. The dilute Al-Pe system has been studied 
extensively because iron is an important impurity in commercial 
Al alloys and it has a considerable effect on the properties 
of Al' alloys. The present thesis describes the studies of 



substituted rare-earth transition metal cobaltates (LaCo, „Ti^O, 
and ^ 0.5, 0.5, 0.15 and 0.05), 

amorphous rare-earth garnets ( Y3_x^x^®5^12 x = 0, 0.5 and 

3) and dilute Al-Fe (Fe.^ 5-10 wt */,) alloys. 

The thesis is divided into five chapters. In Chapter 1 
a brief introduction to Mbssbauer effect and hyperfine inter- 
actions is given. The origin and usefulness of three important 
Mbssbauer parameters isomer shift, quadrupole splitting and 
magnetic hyperfine splitting are discussed. The topics like (a) 
Goldanskii-Karyagin effect, (b) asymmetric quadrupole doublet 
are also discussed briefly. 

Chapter 2 provides the details of experimental techniques 
used in the present study. The different aspects of Mbssbauer 
effect methodology like the radioactive source, Mbssbauer 
spe ctrosmet er, detector and storage system are discussed in 
some detail. The experimental considerations for the good quality 
of Mbssbauer spectra such as absorber thickness optimization 
and effect of geometry are discussed. In the present work the 
data obtained from Mbssbauer spectroscopy were corroborated with 
the data obtained by other experimental techniques such as X-ray 
powder diffraction, electron paramagnetic resonance, magnetiza- 
tion and electrical measurement, and transmission electron 
microscopy. The brief working details of these techniques 
are given. 

In Chapter 3» the experimental results of our studies 
of spin-state equilibria in substituted perovskite systems 



sxii 


IaCo^_^Ti^O^ and (2: = 0.5, O.3, 0.15 and 

0.05) are presented and discussed. The studies were undertaken 
in the temperature range -195 to 63O ^C. None of the system show 
itinerant electron ferromagnetism which was observed in the 
parent system la2_^Sr^CoO^. Both the systems showed a change 
in behaviour above a critical value of x and temperature. The 
00^"*" state is found to exist in ^£^0 02_^T i^O^ system in addition 
to Co^'*' and states found in both the systems. The 

results of M'dssbauer spectroscopy are in agreement with 
electron transport and magnetic properties. The results 
obtained for the two' systems are compared and discussed in the 
light of the known results of parent systems. 

In Chapter 4, the results of our studies of crystallization 
kinetics of amorphous garnet system synthesized through 
citrate gel process are presented and discussed. The amorphous 
garnets are very useful because of their special electrical, 
magnetic and optical properties. In particular, the gadolinium 
substituted Yittrium Iron Garnet system is found to be very 
useful, M'dssbauer spectroscopy is ideally suited tO study 
various magnetic phases present in these systems. The amoiphous 
garnet system 5^12 which garnet 

phase can be crystallized by suitable he at -treatment has been 
studied by M'Ossbauer, EPR, X-ray and magnetization measurements. 
The measurements were made on samples heat-treated at various 
temperatures in atmosphere of nitrogen and/or air. The 
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crystallization temperature for been 

found to be around 650, 600, 550 °C for x = 0, 0,5 and 3 
respectively. The Mbssbauer spectra of sample heat-treated 
below the crystallization tempe.rature consist of broad 
quadrupole split peaks characteristic of amorphous paramagnetic 
nature of these samples. From IS and AE values it is inferred 
that Fe^^ exist in both octahedral and tetrahedral coordinations 
The Mbssbauer spectra of samples heated above the crystalliza- 
tion temperature consist of magnetically split components due 
to crystallization and magnetic ordering of a-Fe 20 ^, y~^® 2^3 
and garnet phase. The volume fraction of garnet phase is 
found to increase in samples heat-treated at higher temperature' 
and for longer duration. The heat-treatment in nitrogen 
atmosphere is more favourable than in air for development of 
garnet phase. In EPR spectra recorded at RT (20 °C) and at 
LRT (-195 °C) we observe resonance corresponding to g = 2 
resonance which arises due to Fe^ - Fe*^ interaction. In 
some of the x = 3 sample resonance corresponding to g = 4.3 
is also observed. BPR line-width also shows a different 
behaviour for these samples> indicative of some kind of tran- 
sition in these samples, EPR line-width is found to decrease 
with higher heat-treatment temperature which indicates crysta- 
llization of magnetic phases. In x = 3 system, Mbssbauer 
spectrum does not show the same amount of garnet phase as 
observed in X-ray data. The reason of this may be the presence 
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of large amount of a-Pe^O^ and ^-^'©2^3 system which, 

might smear out the hyperfine field due to garnet phase, 
Secondly the compensation temperature of GdlG is around room 
temperature therefore the garnet phase may be in a disordered 
state in this system. Both these reasons account for the 
observed behaviour. 

In Chapter 5» the results of M'Ossbauer spectroscopic 
studies of rapidly solidified Al-Fe alloys (Fe ^ 5-10 wt ) 
are presented. The Al-Fe system especially the dilute one, 
has been the subject of great research interest. Mbssbauer 
parameters for various phases established by earlier investi- 
gators form a good basis for the study of phase transformations 
in this system. The measurements were made on samples heat- 
treated at various temperatures for one hour and for different 
times at 550 °C. In-situ measurements were also made in the 
temperature range, E.T (20 °C) to (600 °C). The amount of 
various phases, present in the sample after the heat-treatment , 
Is estimated from the analysis of Mbssbauer spectra. The 
results obtained by Mbssbauer spectroscopy are compared with 
those of transmission electron microscopy. 

It is hoped that the present work has contributed to a 
better understanding of the valence fluctuations in cobaltates, 
crystallization kinetics of amorphous rare-earth garnets and 
phase transformation in dilute 11-Fe alloys. 



CHAPTER 1 


1.1 IHTRODUGTIOH 

Recoilless nuclear absorption and emission of gamma 
radiation is known as Mbssbauer effect after its discoverer 
R.L. Mbssbauer [l]. The great potential of M’dssbauer spectro- 
scopy for the study of hyperfine interactions in solids was 
immediately realised by scientists all over the world and 
Mbssbauer was awarded Nobel prize in 1962 for this very usefxil 
discovery, large number of excellent books and review articles 
have been published on Mbssbauer effect [2-10]. Mbssbauer 
spectroscopic techniques have been applied for investigation 
of wide variety of problems in solid state physics, chemistry » 
metallurgy, biology, geology etc., as shown in Table 1.1 [2], 

In this chapter we shall briefly discuss the Mbssbauer 
effect and describe how various types of hyperfine interactions 
are reflected in the Mbssbauer spectrum and what useful infor- 
mation can be extracted from the study of hyperfine interactions 

1.2 NUOIBAR RESONANCE 

Let us consider a free atomio or nuclear system of mass 
M which has two levels, A and B separated by an energy E^. If 
the system decays from the hi^er state B to the lower state A 
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■ a pj^o-.ion of enei-r^;- the momentiim conserva- 


tion demands that the momentum p of the photon and the momentum 

- 4 > 

P of the recoiling system shoiald he equal and opposite. Hence 


the recoiling system receives an energy E-p, given by 


E - £f - if 
^ ■ 2M ~ 2M 


( 1 . 1 ) 


where c is velocity of light. 


In case Me >> E equation (1.1) reduces to 


% = 


( 1 . 2 ) 


The energy conservation gives 


= ^o " 


(1.3) 


Similarly in order to excite the absorber system from state 


A to state B the energy E^^ of incoming photon should be able 


to supply this xecoil energy E^^ over and above the transition 


energy E i.e, 


E = E + E^ 
Ya o ^ 


(1.4) 


It is known that the excited state is not characterised 


by a single energy E^ but has a spectral lineshape W(e) 


centered around B^, and is given by 


(<J(B) = 


1 

T(E - E, 


(1.5) 
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where p is the natural linewidth of the state and is restricted 
by Heisenberg's uncertainty relation 


p.T = n (1.6) 

where t is the mean lifetime of the state and h is Planck's 
constant. 

As seen from (1.6) energy of stable ground state A is 

sharply defined as t = co , Hence a photon emitted in the 

transition from state B to state A, shows the natural line- 

shape similar to (1.5) but centered aroimd given by (1*5). 

Similarly the energy of a photon which would induce transition 

from state A to state B also has a similar distribution 

centered around given by (1,4) • Ihe resonant absorption 

would take place when E = E and therefore it is proportional 

yo ya 

to the amount of overlap of these two distributions m (E) and 

s 

“g_(B) given by 


“s(B) 


4(E - B,,„) 


1 + 


la: 


and 


w^(E) 


4(E - E ) 

1 + J 


r 2 


(1.7) 


This over lap is schematically shown in Pig. 1.1(a) for atomic 
system (optical case) and in Pig. l,l(b) for nuclear system 
(gamma-ray case). In the case of nuclear system the overlap 
is very small due to narrow linewidth and hi^ recoil energy 




Fig. M Overlaping of the emission and absorption lines 
showing the relation between Eq, Ey^and for 
two cases: (a) optical case Ejp «r and 
(b) nuclear case Ef^';^ P • 



6 


E . While in the optical case the overlap is q.uite large, 

Mb’sshauer's principal discovery was that if the emitting 

and ahsorhing nuclei are bound tight enou^ into a solid 

lattice, the overlap of emission and absorption spectrum could 

be increased significantly, and hence the efficiency of resonant 

absorption could be appreciably increased. In classical terms 

this means that the recoil energy given by eq.uation (1.1) is 

21 

decreased by a lactor of *^10 , as nw mass M stands for the 

mass of the whole lattice. In quantum mechanical terms, it 
means that the probability for observing the zero-phonon events 
(i.e. where there is no transfer of energy to or from the 
lattice) has been increased over one-phonon, two-phonon and 
more-phonon events. 

The probability of zero-phonon events, or moie ptopularly 
known as recoil-free fraction f, is given by 

f = 1/ 'i'j^(r) exp(-i.k.r) drl^ (1.8) 

wliere represents the vibrational state of the lattice, the 
initial and final state being same in case of recoilless 
emission and absorption, k is the wave vector of the gamma 
ray and r is the position vector of the centre of mass of the 
nucleus under' investigation. Under the assumption of harmonic 
vibrations' the probability f is given by 

= exp[-k^ <x^> J 


f 


( 1 . 9 ) 
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or f = exp[- cot(ii «/2kT)dw J (1*10) 

o 

2 

where <x > is the mean square displacement of the nucleus and 
g( m ) is the normalised density of photon state of angular 
frequency w . 

In Debye model the frequency distribution function is 


2 

g( £i) ) = Constant, 6) 

= 0 

and the expression (1,10) for recoil-free fraction reduces 
to 


for 0 < co< 0 ) 


maoc 


( 1 , 11 ) 


m > 6) 


max 


f = 


exp[- 


6B, 

m 


R 

D 



JL)2 

®D 


® d /^ 

/ 

o 


X dx. 
e ^-1 


}] 


( 1 , 12 ) 


for T = OK 


f = exp(-3Bj^/2E Op) (1,13) 

Bor observation of M'dssbauer effect, f must be large. 

One nucleus in which Mdssbauer effect is often observed is 

57 57 

Be and in the present study we have used only Be Mdssbauer 

57 

transition. Decay scheme of Go is shown in Big, 1.2 and some 
useful data about this transition are shown in Table 1.2, 

Nuclear resonance has been observed in several elements 
of periodic table. In Mdssbauer experiment either the source 
or the absorber is subjected to a velocity programme to give 
an appropriate Doppler energy shift (B^^ = v/c), so that one 
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Table 1,2 Parameters for' the 14.4 keV Mossbauer transition 
57 

in ^'Pe. 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 


Isotopic abnndance 
Transition energy 
Half life 

Ratio of the excited and ground 

state nuclear magnetic moment 

Nuclear magnetic dipole moment 
of excited state 

Nuclear electric quadrupole 
moment of the excited state 

Total internal conversion 
coefficient 

Debye temperature 

Mbssbauer cross section 

MSssbauer line width (theoretical 
P¥HM) 

Recoil energy 

Conversion factor (mm/sec-Hz) 


2.14% 

14.41305 keV 
t^/2 97*81 ns 

R^ -1.7145 

p -0.15534 nm 

Q 0.209 barns 

ttip 8,21 

Gp 440 K 

— 20 — 

O' 256x10 cm 

P' 0.1940 mm sec 

Ej^ 1.957x10”^ eV 

1 mm/sec = 
11.6248 MHz 


12 
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may obtain the resonance intensity as a fmiction of energy 
(i.e, velocity). 

The resolution of Mbssbauer spectrum depends upon the 
natural linewidth P and strength of hyperfine interaction. 

In the following sections we shall discuss the hyperfine 
interactions . 

1 . 3 HYPERT'IITE lETERACTIOITS 

Nuclei when embedded in a solid interact with electric 
and magnetic field produced by the surrounding charges and 
currents. These interactions, known as hyperfine interactions, 
perturb nuclear energy levels. The Hamiltonian of the system 
may be vrritten as 

+ B 2 + hi^er order terms 

( 1 . 14 ) 

whore 

)-(^ ; the Hamiltonian excluding hyperfine interactions 
E^ ; electric monopole interaction between the nucleus and 
surroimding electrons 

K-j ; magnetic dipole interaction between the nuclear magnetic 
dipole moment and the surrounding extra nuclear magnetic 
field 

: electric quadrupole interaction between the nuclear 

electric quadrupole moment and the electric field 
gradient of the surrounding electrons. 
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Interactions of higher order etc.) are negligible 

a^ndmaynot be resolved in a Mb'ssbauer spectrum. Electric 

monopole interaction changes the energy separation between ground 

57 

and excited state of the nuclexB (e.g. I'e), Depending on the 

57 

chemical state of compound containing Fe, this change will be 
different for absorber and soxirce causing a shift in the 
I’lb'ssbauer line commonly Icnown as isomer shift or chemical 
shift. 

The electric q.uadrupole and magnetic interactions give 
rise to multiple line Mossbauer spectra. The peak position 
and intensity of these lines provide valuable information 
about the sample under investigation. 

1.4 ISOMR SHIFT 

Isomer shift (IS) is one of the important Mb'ssbau.er 
parameters and it is a measure of difference between the 
Hbssbauer transition energy in the source and that in the 
absorber when both of them are at the same temperature. It 
arises due to electric monopole interaction of the electrons 
with the finite-sized nucleus and is given by [4] 

a = z e2[ )^^(0)l^ - if^( 0)i|j[<rS -<r|> ] 

(1.15) 

where suffixes A and S refer to the absorber and the source 
respectively, ^s(^) is the s-electron density at the site 
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r\ 

of tlie nucleus and <r^> and <r > are the mean~sq.uared nuclear 
charge radii in the excited and ground state respectively 
(Pig, 1.3). 

The shift 6 given hy (1.15) is Imown as isomer shift 
and has been discussed in several reviews [2-ll]. Some 
important applications of isomer shift measurements are 

(i) Oxidation or valence state of iron in a solid can be 
determined from the examination of the measured isomer 
shift as it lies in a range depending upon the oxidation 
state of iron. The range of isomer shift for different 
valence state cf iron is shown in Pig. 1.4 and in Table 
1.3 [5]. 

(ii) Co-ordination number of iron can also be determined from 

57 

isomer shift data. Pig. 1.5(a) shows the plot of Pe 
isomer shift against the iron co-ordination number for 
high spin and low spin compounds and minerals. The 
arrow marks on the boxes indicate that values outside 
the range shown (boxed areas) have also been observed. 
Similar data for quadrupole splitting are shown in 
Pig. 1.5(b) [12], 

(iii) Valuable information about structural or chemical phase 
transitions can also be obtained from the temperature 
dependence of isomer shift. 



(a) 


U3/2 





1 = 1/2 




SourccCS) 


Absorber (A) 


I.S. = E^^-E^s 


Fig.i .3 - Effect of monopole interaction on the energy 
levels of source and absorber. 


I.S.= E^„- E^5 



Velocity Cmm/ sec) 


Fig.1.3 - Mossbauer spectrum showing monopole 
interaction. 
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Isomer shift (mm/sec ) 

Fig. 1-4 Approximate ranges of isomer shifts ( wr.t. 

) observed in iron compounds. More 
frequently met configurations are shadowed, 
s refers to spin quantum number [5] . 
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Ta.ble 1*5 Approximate ranges of isomer shift observed in iron 
compounds at room temperature (300 E) with respect 
to 310 SS [5J. 


Iron state 

Spin 

S 

Isomer shift 

(mm/sec) 

-n li 
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3/2 

1.90 


2.02 

TP 2 + 

Ee 
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0.65 
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1.45 

CD 

Vjd 

+ 

5/2 

0.10 


0.51 

CD 

2 

-0.23 

- 

0.07 

Pe^ 

1/2 

0.04 

— 

0.27 

_ TT 

Fe 

1 

0.21 

— 

0.43 

CD 

H 

H 

0 

-0.34 

— 

0.31 


1/2 

-0.26 

- 

0.27 


3/2 

0,12 

- 

0 . 26 

„ IV 

±'e 

1 

0.01 

- 

0.27 

T, VI 

Ee 

1 

-0.98 

mm 

-0.88 


Coordination number 
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-0-5 00 *0-5 ♦lO ♦l-S 

Velocity (mm sec"^) 



0 12 3 


Velocity (mm sec"^ 

Fig.1-5 Review of Mossbouer parameters (a) IS ( isomer 

shift) and (b) AE (quadrupole splitting) for iron plotted 
against the coordination number for 'ionic' high spin and 
low spin compounds and minerals. Arrows indicate that 
the values outside the range of boxes hove been observed [12] . 
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Different autliors q.uote tlieir results for the isomer 

shift relative to different soioxces or to different absorber. 

In order to have a 'universal comparison of isomer shift 

values obtained by different workers, it is necessary to 
57 

have a De isomer shift scale of sources and absorbers as 
shown in Fig. 1.6, 


1 . 5 SECOND ORDER DOPPLER SHIFT 

When there is a temperature difference between source 
and absorber then isomer shift has an additional contribution 
due to temperature shift known as second order Doppler (SOD) 
shift. The SOD shift should be separated from isomer shift 
to obtain true isomer shift. 

‘^total “^IS '^SODS 


Isomer shift bas an explicit temperature depen- 

dence since the thermal expansion of solid affects the elec- 
tronic charge density at the nucleus. In hi^ temperature 
region isomer shift at temperature T can be expressed as 


6jg(T) = 6jg(0) + aT 


(1.17) 


where 6jg(T) is the isomer shift at T K, The coefficient a 


can be determined from the pressure dependence of isomer 
shift, the coefficient of thermal expansion and the bulk 
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Source 



Absorber 


Negative 


Positive 


SNP = Na2Fe(CN)5N0.2H20 
SFC = Na4Fe(CN)6.l0H20 
PFC = K4Fe(CN)6.3H20 
SS = Stainless steel 

Si- 

Fig.t.€ Data for the Fe isomer shift with respect to natural iron 

at room temperature. Units of the IS values are mm sec”^ and the 
signs of the velocity for the source are to be read . from the top 
row while the sign of the velocity for the absorber are to be read 
from the bottom row[fS]. 
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modules [14]* 

The second order Doppler shift results from relativistic 
effect of themaal vibrational velocity of the nuclei. The SOD 
shift is given by , 

*SODS = - I 


2 

where <v > is the component of mean squai'e velocity of the 
emitting or absorbing nuclei in the gamma-ray direction. 

Using Debye model of solids SODS can be written as 


[ 16 ] 


or 


and 


^SODS 

"^SODS 

'^SODS 


2 


Me 


•■S ^ '^9. 


D 





Cl + 


3 

^ / -T- dx] (1.19) 

0 ^ 

.(^)^] for 1 > ©D 

forT«e^ 

( 1 . 20 ) 


57 

At t'emperature higjier than Debye temperature (for le 
= 440 E) sods is -0,073 mm/sec/lOO K for Ee, At tempe- 
rature much lower than Debye temperature of lattice the 
shift becomes "vanishingly small and depends on the relation- 
ship between temperature and the Debye temperature. Hence while 
interpreting temperature dependent isomer shift data, contri- 
bution due to SODS should be talcen into account , 
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1 . 6 Q UA DRUPOLB IITTBRAO T lOH 


In section 1.4 we considered electrostatic interaction 
betvreen nuclear and electronic charge distribution on the 
nuclear energy levels assuming nucleus to he spherical with 
unifoim charge density. A nucleus with spin > ^ has a non- 
spherical charge distribution, and it has a quadrupole moment 
Q , given by 

Q = ~/p(r) r^(3 cos^O - 1) dr (1.21) 

where e is the charge of the proton, p(r) is the charge 
density in a volume element dr, which is at a distance r from 
the centre of nucleus and making an angle 0 to the nuclear 
spin quantization axis. 

Electronic charge distribution surrounding the nucleus 
is generally non-spherical and can be represented in terms 
of electric field gradient (EE6), given by 

EEa = ^ E 


= - V ( V Y) 


( 1 . 22 ) 


"til 

i.e, BEG is a 3x3 second rank tensor, ij component of 
EEG can be written as 

3 ^ 


V 


i3 


3X., 3X. 


(1.23) 


where x. » x. = x, y, z and V is the electrostatic potential. 
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111 tile principal axis system El'G- is diagonal and 
completely specified by three diagonal terms, 
ordered as 


can be 

and V 


ZZ 


IV 


zz‘ - 


(1.24) 


Ilie diagonal terms are related by Laplace equation, i*e. 


"^ZZ ^ 


(1.25) 


Using relation (1.25), we can express EEG- in principal axis 
system in terms of two independent parameters V22 = ©<1, and 
asymetry parameter p defined as 


r) 


^YJ ~ "^XX 


V 


ZZ 


( 1 . 26 ) 


whose value lies between zero and one i.e* 0 <p<l. 


huclear quadrupole moment interacts with the EEG. The 
B'arailtonian describing the interaction can be written as 


JH 


- 1(1+1) + o (if + 1^)1 (1.27) 


Bo 4I(2I-i) z ■ 2 '”+ 


■where I is the nuclear spin operator and I = I + il are 

ladder operators. If the separation of nuclear energy levels 

is much larger than the magnitude , then to a good appro- 

2 

ximation the quadrupole interaction can be treated as a pertur- 
bation. The perturbation calculations require only ,the matrix 
elements of the form <ImjlHj,2! Imj> , which are diagonal, in 
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all q.uarLtujn ntmibers except itij. Performing first order pertur- 
bation calculation, the eigenvalues of '""22 written 

as 

^Q2 = 4SfT 

where = ly (I-l), -I and it is the ma. gnetic 

q_uantnm number. 

57 

In case of Pe, Mdssbauer transition is from Ig " 

3/2 to J„ = 1/2 level. The hi^er level splits into two 

O 

levels as a result of quadrupole interaction while the Ig = 

1/2 level remains unsplit. Selection rule ( Am^ = + 1, 0) 
allows both the transitions. This results in a two-line 
Mbssbauer spectrum as shown in Pig, 1,7 with quadrupole 
splitting 

2 

QS = I Q(l + (1.29) 

lor axially sjmimetric EPG- (i.e, p = O), the matrix of the 
Hamiltonian is diagonal in IIm> representation and energy 
shift in nuclear energy levels given bjr Bq, (1,28) reduces to 


41 ( 21 - 1 ) 




1 ( 1 + 1 ) ] 


57 

Bor ,Pe it is 


e\ Q 


for m^ = + 3/2 


4 


(1.30) 


for mj = + 1/2 



Counts 



Fig. 1-7 Effect of the quadrupole interaction on the nuclear energy 
levels of source / absorber and the resulting Mossbauer spec- 
tram showing the quadrupole splitting and isomer shift . 
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tlie Mbssbauer spectrim results in a symmetric doublet 

2 

icitb a separation e q_ Q/2* 

In case of asymmetric UPG- (i.e, r) 4 0) "tlie matrix of 
iicimiltonian also contains off-diagonal terms with. Am^ = + 2, 
The secular eq_uation is generally not solvable exactly and 
is solved using numerical approximation methods. 

Analysis of q.u.adrupole splitting values determine 
from Ifossbauer spectrum can provide useful information about 
the sample under investigation. One can deterine valence 
state of Mbssbauer atom, its coordination number etc. in 
the solids . A study of temperatuire variation of quadrupole 
splitting can be used to investigate temperature induced 
structural or chemical phase changes. 

1 . 7 MAG NETIC HYPERFItlE INTERAG TIOI^ 

A nucleus with nuclear spin I > 0 has a magnetic dipole 
r’omont p, given by 

Ti = Pjj 5 (1.31) 

where g^^ is nuclear Landau splitting factor and {3^^ = 
is nuclear hohr magneton. 

The magnetic dipole moment can interact with a 
magnetic field H present at the nuclear site. The inter- 
action Hamiltonian ~ is diagonal in llm^> 

representation. As the magnitude of interaction Hamiltonian 
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IL,^ is small compared to separation of nuclear energy levels, 
it can be treated as a perturbation. Using first order perttir- 
bation, the change in the energy of state llinj> is given by 




( 1 . 32 ) 


Thus the magnetic dipole interaction splits a nuclear state 

I Im_> into (21+1) eq,ually spaced sub-states having magnetic 

spin quantimi number mj = I, (l-l) - I. The m^ degeneracy 

ic completly lifted in magnetic dipole interaction while 

electric q.uadi'upole interaction removes the mj degeneracy 

only partially. 

57 

Tor Te = 3/2 - I_ = 1/2 transition the line 

e g 

splits into sis lines as a result of magnetic dipole inter- 
action. Relative intensity of each of the transition lines is 
decided by the_ m^ values involved and the relative angle © 

between the q.uanti 2 iation axis and the gamma-ray direction, 

57 

lor Pe relative intensities of six lines are in the ratio 
[4] 


(2 2 - i i ).(2 1 . 1 1 ).(2 1 _ 1 - 1-1 1 ). 

^22 2 2 ^ ^22 22 ^*^^22 2 2'^**'^2 2 22 "^* 


(2 -1 „ i ~2 1 -1) = 3:Z:lja:Z55 

^2 2 2 2 '^ 2 . 2 2 2 


where 


Z = 


1 + cos © 

Por polycrystalline sample all orientations are 


(1.53) 

(1.34) 


eq.ually probable so averaging over © gives Z = 2 
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One of the important application of Hosshaner hyperfine 
splittin.^ is for the calibration of the Mbssbauer spectrometer , 
ribssbaner spectrnm of natural iron (a-Pe) recorded at room 
temperature consists of six lines (as shorn in Pig. 1.8) at 
positions -5.328, -3.083, -0,838, +0.838, +3.083, +5.328 
(mm/sec) with respect to ^ Pe source. 

Effective ma.gnetic field for* a given sample can 

be determined by M’dssbauer spectroscopy using following 
equations [4] 
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(1.35) 


= (3/2) (1.36) 

where E^ respresents the energy state of corresponding level. 

Ihe Value of H from Bq, (1.35) and Eq. (1,36) can be 
obtained if the values of nuclear magnetic moment in groimd 
.'■.'•rjai-e q and excited state p are known. 

O 

The value of p obtained by Ludwig and Woodbury [14] 

3v hMR technique is 0,0903+0.0007 nm. Using value of Pg and 
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= 14.4 keV the magnetic hyperfine field H. , is given by 


H. , = 0.843 X 10^ [V 


rz t -11 - ^ -K n ii] Oersted 

(1 1 ^ 1 1 ) ( 21 - 11 ) 

^22 2 2 '^ ^22 2 2 ^ 


= 0.843 X 10^ [L^-L^J X Calibration constant O.ersted 


vhere and represent the position of third and fifth line. 
Using this value of K. in Eq_, (1.36) we can determine 
Hence Mb'ssbauer spectroscopy can be used to measure hyperfine 
field at the nuclear site and the nuclear moment of nuclei in 
their excited state. 


1.3 COI-IDIUBD QUADRUPOLE AIQ MAGITETIO DIPOXE DTTERACTIOI 


In many magnetic substances both electric q_uadrupole 
anc' magnetic dipole interactions are present. If one of the 
intei'actions is small compared to other, it can be treated as 
a perturbation term in the Hami3.tonian, For example small 
quadrupole interaction shifts the position of magnetically 
split lines as shown in Fig. 1.9. 

In case both interactions are comparable in strength 
i.e. none of them is negligible compared to other, the spectrum 
becomes quite complicated and such situations are appropriately 
treated in literature [4,7]. 
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1 • 9 GOL DAITSEII-iqEYAGPT EFFECT 

The intensity of Mosshauer line directly depends on 
the recoil-free fraction 

f = exp[- < (k.x)^> ] 

where k is the wave vector of the incident gamma ray and x is 
the amplitude of vihration of the MSssbauer nucleus. If the 
gamna ray direction k is characterised by polar coordinates 6 
and 0 with respect to EFG axes, we can write 

<(k.x)^> = k^[( <X^> cos^0 sin^0)sin^e + <X^>cos^e-] 

If the amplitudes of vibration are not equal in all directions, 

the recoil-free fraction becomes a function of (0,0), Thus, 

57 

for Fe q_uadrupole doublet and for a poly crystal line sample 

the intensities of the two lines have the ratio 

2% TZ 

r / f(©,0)(l + cos%) sin© d© d0 
I 

% _ O 0_ ' 

I^ 2it n; 

^ c p 

/ / f(0,0)('^ - cos^©)sin© d© d0 

0 0 , , 

For axially symmetric vibrations where 

<x^> = <x|> = <xf> ^ <x^> = <x2> 

= exp[-k^<X^> ] exp[k^( < X?> - <X^ > )cos^©] 

_L 1 I 


f(e,0) 
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above equation reduces to 
% 

f exp[-k2( < xf,> -< X^> )cos^e](l+cos^e)sin0 dO 
j Hi 

% _ 0 

/ exp[~k^(< X^j> - <X^ )cos^©](5/3-cos^e)sinG d© 

o 

Th'tis even for a perfectly random orientation of crystallites 
the intensities of two lines may be different. The intensity 
of magnetically split lines are also modified for the same 
reason i.e, the anisotropy of Debye~Waller factor. This 
effect is known as Goldanskii-Xaryagin (G-K) effect. As the 
vibrational anisotropy is an increasing function of temperature, 
the a.symmetry in intensities related to G-Z effect also increases 
with t emp eratur e . 

1 . 10 A SYIC-IZTRIC QUAhRUPOLB DOU BLET 

The quadrupole dor.blet in Mbssbauer spectra may 
sometimes be asymmetric. The asymmetry may arise due to 
following reasons: 

(l) lack of randomness of crystallites 
( 2) Anisotropy of Debye-¥aller factor (G-K effect) 

(5) Relaxation effects 

The intensity ratio of two lines strongly depends 
’■r,on the, angle between the gamma ray direction and the sample 
rurj-oce. Hence lack of randomness of crystallites orienta- 
ticro in absorber will result in aS3mimetrical doublet. 
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Anisotropy of De'bye-Waller factor, as explained in 
Sec, l,9j also results in an asymmetric doublet. The intensity 
ratio is ~ 1 at low temperatures and increases with temperature. 
The asymmetry ratio will strongly depend upon the 
relaxation mechanism. If the fltic tua tiers in the magnetic 
field are due to spin-lattice relad'ation, relaxation time will 
decrease with increasing temperature. Thus temperature rise 
will decrease the asymmetry, an effect opposite to G--K effect. 
But if the fluctuations are due to spin-spin relaxation, the 
asjTiinietry will depend on the concentration of the paramagnetic 


ions. 
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CHAPTER 2 


INST RTOISM'ATIOH AlTD EXPERIIMTAL IffiTHODS 

This chapter presents the basic aspects of experimental 
techniq.ues used in the present study. These include the descri- 
ption of ^Mossbauer spectrometer, cryogenic and high temperature 
arrangements,- radioactive sources, absorbers, absorber thiciness 
optimization, geometry effects, details of Mbssbauer data analysis 
and other measurement methods. 

2.1 IHTRODUCTIOH 

The quality of Mbssbauei- spectra depends on the specific 
experimental conditions. The signal-to-noise ratio depends on 
the radioactive strength of the Mdssbauer source, the efficiency 
and resolution of gamma-ray detection and amplification system, 
the thiclmess of absorber, the geometry of the experiment and 
the ambient temperatirre of source and absorber. 

A Hbssbauer spectrometer shorni schematically in Pig. 

2.1 consists of following imits: 




Fig. 2*1 Schematic block diagram of Mossbaucr spectrometer. 
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(i'l Hossba’uer spectrometer or drive unit for waveform 
g.enei'ation and synclaronization, 

(ii) Slectro-nGchanical velocity transducer, 

(iii) Gamma-ray detection and amplification system, 

,iv) Hulticharmel analyser (MCA) for data storage and 

reduction, 

(v) Cryostat or furnace for temperature~dependent 
measurements, 

(vi) Mdss'ba^ler source and absorber. 

In following sections we shall briefly discuss the above 
uiiits of the M'dssbauer set-up used in the present work. The 
detailed description and general methodology of Mos sbauer 
effect has been repoi’ted in literature [1-8] and these will 
not be discussed here. 


The Mbs sbauer spectrometer used in the present work was 
designed and developed in. this Institute [9] and built by 
M/s Sncardiorite, Lucknow, India. This spectrometer could be 
ran in three modes i.e, (a) constant velocity, (b) constant 
acceleration and (c) sinusoidal velocity. 

In the present work we have run the spectrometer in 
constant acceleration mode throu^out. In the spectrometer 
a, precision velocity drive is realised, by generating a signal 



witli h-iglily sta^jle amplitude, frequency and phase and placing the 
transducer in a feedback loop. The block digran of the sp_e etr cane ter 

is sho’irm in Fig. 2. 2* A higtily stable temperature compensated 
crystal controlled oscillator produ.ces 100 IJij drive signals 
U'iicli are scaled doTm to 20 Hz square wave using JE~flip 
flops. The reference triangular wave for constant acceleration 
mode is generated by integrating the square wave by an integrator 
consisting of IG 741. 

The transducer described in Sec. 2.2 consists of a 
conventional double speaker arrangement having a drive coil 
and a pick up coil. The velocity is monitored by comparing 
the pick up signal with the reference signal in an error 
amplifier. The difference between the two signals, called the 
error signal is a measure of deviation from the designed 
velocity. Error amplifier output is fed to the power amplifier 
which drives the transducer (Fig. 2.2). There is a S 3 nichroni- 
sation between the transducer velocity and reference signal in 
arqolit^ide as well as in phase. 

The start pulse for resetting the multichannel analyser 
is obtained by scaling down the complementary output of 
penultimate 2 stage by a factor of 2 which is again appli®d 
to monos table multivibrator (IC 74121) throu^ a level shifter 
to get a narrow pujl.se of 10 psec width. The start pulse 
s 3 mchronises the opening of the first channel of the MCA with 
t’le negative maxima of velocity reference signal. 
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Fig. 2-2 Functional block diagram of the Mossbauer spectrometer. 
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2 . 3 E LaGT‘ItO--MEGhAlIIGAL VELOCITY TRAI-ISDUCER 

The construction of the transducer used is shown in 
Fig. 2.3« It consists of a dual coil speaker, where one coil 
(the drive coil) is used to drive the movable shaft which carries 
the source or absorber, and the second coil (the pick~up coil) is 
insod as a velocity sensing coil. The drive coi3- impedance is 
matched with the output impedance of power amplifier. The 
rna.gnctic field and number of turns on the coil are chosen to get 
efficient conversion of electrical energy to mechanical energy. 

The mechanical design of the transducer is such that 
the fz’eq.uency of erternal vibrations is far away from the basic 
resonance frequency. The drive coil and pick-up coil are wound 
in groves, at the two ends of a common holder, having diameter 
of 30 inm which is made ouit of perspex. Each coil has a length 
7,8 mm wliich is subdivided into three coils of length 2,6 mm 
each. The three pick-up coils are connected in series and the 
di'ive coils are in parallel in the nonnal operation for 
irapedance matching of the drive coil and to improve linearity* 

2.4 rrAr-m-RAY DETEGTIOE MD AJ'IPIIEIGATION SYSTEM 

¥e used argon gas-filled proportional counter with 
alutinised mylar window, supplied by the Electronic Gorporation 
of India, for detection of gamma rays, ¥e have chosen propor- 
tiona.l counter as it has good energy resolution (^2 keV at 



Sourcc^mount -Permanent ring Drive coii Pickup coil 
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14.4 -'ceV gaiBiiia r3.y) and high detection efficiency for low- 
energy garijua-rays . The unwanted 4-rays are satisfactorily dis- 
criminated from the 14,4 heV Mdssbauer gamma ray. Pulse hei^it 
57 

spectrum of '' Co in a Eli-matrix obtained using proportional 
counter is shoxm in T'ig. 2.4. The bias voltage +1500 VDC for 
the proportional counter is supplied by high voltage power 
supply/ (Baird Atomic Model 318 A). Proportional counter was 
corrected to a low-noise preamplifier and a linear amplifier 
(EOr'Jj model PA 521). The output of the linear amplifier is 
fed to the multichannel analyser (iniclear Data model ND-60), 

2 . 5 MTI LTICHANl^IBl AITALYSER 

The model ITD~60 (microprocessor based 2048 (21') channel) 

57 

multichannel analyser was used in the present work. The Pe 
ITdss’' auer ganma-raj/ (14.4 keV ) line was selected by the in- 
built single chacinel analyser and by running the MCA in PHA 
mode. The MGS ezternal mode with a dwell time 100 psec (for 
512 channel operation) and 50 lasec (for 1024 channel operation) 
■>.ras used for recording the Mossbauer spectrum. The counting 
efficiency was very high in, the analyser. The start pulse 
supplied by Mossbauer spectrometer is used for triggering the 
MGS sweep. The data in subseq_uent sweeps are added continuo- 
us!;/ to the data stored in preceding sweeps. Pour (in case 
of 512 channel operation) Mossbauer spectra could be kept 
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stored in MCA memory for critical comparison. The data 
stored in the MCA memory are printed/plotted using a series 
line printer (Teletj/pe model 33 TBP)/X~Y recorder (Hewlett 
Packard model 7015 A). 

2.fi CRYOSTAT AI-TD F URIACE 

For the study of prohlems like phase ti’ansition, 
valence fluctuation, magnetic ordering, kinetics of crystalli- 
sation process, etc, one needs to study the temperature 
variation of liosshauer parameters. Hence one req_uires a suitable 
cryostat/furnace to regulate the temperatrire of absorber and/or 
source. Ve used a cryostat and a fuxnace to cover the tempera- 
ture range from 80 k to 800 ]£, 

2,6,1 Cryostat 


A liquid nitrogen, cryostat designed for measurements 
in tho temperature range 80-300 K (room temperature) was 
fabricated by us in the laboratory. The design is shown in 
Pig. 2,5. concentric cylindrical brass vessels are 

connected by a thin-walled stainless steel tube. This tube 
is used for filling liquid nitrogen in the inner vessel. 
Prior to liquid nitrogen filling, space between the inner 
and outer vessels is evacuated with the help of an oil 
diffusion pump used in conduction with a rotary pump, A 
demountable copper cold finger is attached to the inner 
vessel. The sample is kept pressed on the cold finger with 




Fig. 2-5 Design of the cryostat used in the Mossbauer experi- 
ments carried out in temperature range 80-300 K 
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the help of a flat copper plate. This ensures uniform sample 
tenporature, Flat nicrome wire is woirad. on the cold finger 
for raising the temperature of the sample. The sample 
teraperature is measured ^>/ith the help of a copper-constantan 
thermocouple, Otiter surface of cryostat is nickel planted to 
prevent heating by radiation. 

The sample can be easily changed by opening the bottom 
flange, A temperature controller fabricated by us was used 
for controlling the temperature of the sample. The temperature 
controller provided an accuracy of the order of + 0.4 , 

2 . . 2 F urnace 

For ridssbauer spectroscopic study of the sample above 
room temperature a vacuum furnace, which has variable tempe- 
rature (u.pto 800 F) facility, has been used. The furnace 
shown in fig* 2.6 is fabricated by using a design developed 
in ooir laboratory [lO], The advantages of this design are : 

(i) A very good vacuum can be achieved within a short time. 

(ii) The separation between coimter and source can be kept 
very small, i.e, Mdssbauer experiment can be performed 
even with very weak source. 

(iii) The furnace is easy to handle. 

(iv) Power consumption is very small. 
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jVacLium 



Mylar window 


Fig. 2-6 Design of the furnace with resistance heating 
assembly. 
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The furnace is made of two q,uartz tubes joined concen- 
trically having diameters 4 cm and 5 cm and length 6 cm. One 
end is tapered to a diameter of about 1.5 cm. This end is 
permanently sealed with the help of a berrylium window. A 
flange is made at the other end on which a brass or perspex 
flange is connected keeping an '0' ring in between. Thermo- 
co’j.ple and the heater connections are made through the brass/ 
perspex flange. A stop-cock has been connected for evacua- 
ting the inner chamber. Cooled water is flown continuously 
for keeping the temperature outside the furnace low. 

Heating assembly consists of a 5*5 cm long quartz 
tube of diameter 2,5 cm and about 5*5 cm long with nicrome 
wire wound on it non-inductively . The coil is kept in posi- 
tion by high temperature cem.ent. Remaining space between 
quantz tube (furnace) and the heating assembly is filled 
with refractory brick. The sample is put in the heating 
assembly by the help of a copper disc of 2,3 cm diameter and 
1.5 cm thickness having an axial hole of diameter 1-. 2 cm 
for gamma-ray transmission. The sample is sandwitched between 
two iron-free mica or aluminium sheets and is fixed in the 
copper sample holder with the help of grooves. The sample 
temperature is controlled using the same temperature 


controller. 
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2 , 7 M 0SS3AUER SOUIiCE AtTD ABSORBER 

Poi“ observing ii'dssbavier effect one must have Mcxsshauer 
atom in excited state embeded in a suitable host matrix, and 
an absorber having Hbssbauer atom in ground state. Mossbauer 
effect has been observed in many elements but iron--57 has been 

the most extensively used isotope because of the ease of 

57 

operation. In the present work we have used Ee throughout, 

57 

hence our discussion will be limited to the case in which Co 

5 7 3E 57- 

(a precussor of Ee ) is the source and i‘e is the absorber. 
2*7.1 Sources 

A good Mbssbauer source should have the following 
properties : 

(i) Host matrix should be chemically stable. 

(ii) The Mbssbauer gamma rays should be single line free 
from any hyperfine interaction in the source. 

(iii) line broadexiing caused by self-absorption, thickness 
effects etc, should be minimum. 

(iv) Recoil-free fraction should be large. 

(v) Radiations not contributing to the Mbssbauer effect 
such as characteristic X-rays, gamma-rays and X-rays 
arising out of Compton scattering should have low 
intensity. The energy of interfering radiations should 
be such that they can be clearly separated from the 
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resonant gamma rays (14.4 keV) in the energy spectriim. 

The I'i’dsshauer source used in the present studies can 
be classified as : 

(a) Standard ITdssbauer soLirce. 

(b) Mb'ssbauer source made of sample under study. 

Standard Mbssbauer Source 

57 

The standard source of Co deposited in Rh-matrix 
with initial strenth of 24 mOi, supplied by Amersham Inter- 
national Ltd., Amersham, UK was used in the present studies. 
The recoil— free fraction of this source as specified by the 
ou'oplier was 0.76, The characteristic X-rays have energies 
in the range 22-23.5 keV (which is quite high compared to 
14.4 keV , the energy of the Mbssbauer gamma ray) and could be 
filtered out easily. 

Samp 1 e. Source 

57 

All the Co Mbssbauer sources of cobaltates 

LaCo.j__^Ti^0^ and x = 0.5, 0.3, 0.15, 

0,05) were prepared as follows, 

Lew drops of carrier-free aqueous solution of radio- 
57 

active C 0 CI 2 were dropped on the well-sintered 1-15 mm 
thick pellets of the cobaltate sample. The drops were dried 
with the help of an IE -lamp. The samples were then heated in air 
at about 1200 °C for 4' hours to diffuse the ^'Co in the 
sample. , The samples were then slowly cooled to room 



50 


temperature. The sample surface was polished to remove any 
undif fused radioactivity. 

2.7,2 Absorbers 

In the present worm we have used (i) standard absorbers 
for calibration of Mossbauer set up and (ii) absorber made of 
sample under investigation for specific studies. 

Standard Absorbers 

In the present work we have used following standard 
absorbers for calibration: 

(a) Natural iron foil 25 pm thick (a-Fe) 

(b) 310 stainless steel foil (310 SS) 

(c) Enriched K^Fe(Cl'T)g*3H20 single crystal (PEG) 

2 

(d) Sodium nitroprusside (5 mg/cm of iron) (SNP), 

All the above absorbers were supplied by Amersham 
International ltd., Amersham, U,E, 

S amnle Absorbers 

In some cases sample under investigation was used 
as Mossbauer absorber. The method used for absorber prepa- 
ration is described separately for each case in the following 
chapters at appropriate places. 
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2.7.3 Absorber Thiclmess Optimization 

The qualit,;/- of MSssbauer spectrum depends on thickness 
of absorber and source. The Mbssbauer line is broadened out 
due to thickness of both absorber and source. A number of 
studies made to analyse the effect of absorber thickness on 
Mdssbauer spectmum has been reported [11-14]. The area as 
well as peak-width of Mossbauer line is affected by the 
thickness of the absorber. The area of the Icrentzian or 
Gaussian shaped line is given by 

A = I l(t) (2.1) 

or A = I fgP [7i/ln2]^/^ G(t) (2.2) 

where f^ is the recoilless fraction of the gamma ray source and P 
is the natural line width of the absorption spectrimn and 
l(t) and G(t)are the respective lorentzian and Gaussiah 
fmct ions dependent on t, thiclmess of the absorber. 

The thickness t is defined by the relation 

t = cr n f ( 2 , 3 ) 

a 

where cr is the resonance cross section of the absorber 
nuclei and is given by 

P 21 + 1 , 

^ 21 4 - 1 

& 


cr 
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Inhere 

s nuclear spin quantum number of excited and 
ground state respectively. 

; internal conversion coefficient of y-rays , 
s wavelength of gamma rays. 

and n is the number cf the absorbing nuclei in ujiit area in 
the path of gamma rays and f is the recoil-free fraction of 

Si 

the gamma ray in the absorber. 

The number of transmitted gamma rays at the resonance 
dip as a function of thickness, t, is given by the equation 
[15] 

= (1 - f)i'I + 14 exp(-t/2) J^d t/2) (2.4) 

whore t is the thiclmess of absorber, H and are the number 
of gamma rays emitted and the Doppler velocity respectively. 
The intensity of Mdssbauer line is given by 

M(t,Vo) = fg I^T[1 - exp(t/2) t/2)] (2.5) 

where Jq(x) is the zeroth order Bessel function of an 
imaginary argument. 

It is clear from equation (2.5) that peak intensity 
(i.e. resonance absorption amplitude) is a function of 
Doppler velocity and thickness of the absorber t. It 
suggests that the resonance absorption will increase 
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inonotoiiicall}'' with thickness as the number of active nuclei 
in the path of will increase. However too thick an 

absorber will increase ncn-resonant damping of all gamma rays 
and background noise. As a result of it Mossbauer spectrum 
will be distorted. On the other hand too thin an absorber 
will have very small number of active particles contributing 
to resonance absorption. It will result in poor absorption 
peak intensity in the Mossbauer spectrum. Hence in order to 
get a good Mbssbauer spectrum an intermediate thickness which 
gives maximum absorption has to be selected. 

The equation (2.5) does not take into account the non- 
resonant absorption. The amplitude, when non-resonant absor- 
ption [ 13 ] is considered, is given by 

TT-H(d,VQ) = fglT[l-es:p(-p^ d/2) J^Cih^ d/2)] exp(-p^d) 

(2.6) 

where and are maximum non-resonant and resonant 
absorption coefficients respectively. The resonant and 
non-resonant absorption coefficients are related by 

= (n/d) a f^ (2.7) 

where d is the actual thickness of absorber and n/d is the 
density of active nuclei. 

The optimum thickness to get maximum peak amplitude 
for a given If is given by Shimony. [l6] 
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exp(ia^ d.^/2) - <1^/2) 

2tx^ “ 'expdti^ ^ q /2) -J^(i[x^ (1^/2)' 

where is the first order Bessel fijinction related to 

Jq(x) by the identity 


J^(x) 


d Jq(x) 


4 

Another consideration for choosing a thickness is the ratio 
of the amplitude of peak and the statistical uncertainty in 
the counts and is defined by a 


Amplitude of absorption s-pectrum 
Statistical uncertainty in the counts 


The count at velocity which is very hi^ compared to is 
given by 

lT(d,Pg_) = IT expC-^i^ d) (2.9) 

If the absorption is not too large, the statistical uacertainty 
is given by 

IT = [lT(d,p^)]^/2 (2.10) 

= [II exp(--|j,g^ d)]^/^ 

. . a(d) = fYiT[l~exp(-|j.^ d/2) Jo(itx^ d/2)] exp(-fi^ d/2) 

( 2 . 11 ) 

T'or a good spectrum a should be maximum. For maximum a(d) 
we find. 



Using eq, (2.12) we can evaluate d. if jj.„ and are knom. 

The optimum thickness of Mossbauer absorber, in order 
to get in a given experimental time a good Mossbauer spectrum 
(i.e, having the maximvim value of the ratio (a) of the peak 
intensity to the statistical error in the background count) 
was selected using the above equation. 

2.8 GEOMETRY EFIEGTS 

The geometry of source-absorber-detector system in a 
Jfdssbauer experiment considerably affects the Mossbauer 
spectrum. There are mainly two types of effects which give 
rise to distortions in the Mossbauer spectrum. These are : 

(1) Source-detector distance variation effect 

(2) Cosine effect. 

2 , C . 1 Source-Detector Distance Yariation Effect 

In a Mbssbauer experiment source is made to move back 
and forth from the counter. As a result distance between 
the source and detector changes continuously. The counting 
rate of gamma ray is inversly proportional to the square of 
source detector distance (say r). This variation in count- 
rate results in non-flat base line. 
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In constant acceleration mode velocity 'V’(t) at any 
instant t, can be expressed as 


-7 + -r^ t 

0 T 

for 0 < t £ T/2 

(2.13) 

1 

o 

for T/2 < t < T 

(2.14) 


where is the amplitude of velocity and 1, its time period. 

The distance between source and detector can be obtained by. 
integrating eq_, (2.13) and eq_, (2.14) and is given by 

X(t) = - V^t + -^ 0<t<T/2 (2.15) 

2V ^ 

= + X^ T/2<t<l (2.16) 

vrhere is the distance between source and absorber at 
t = 0. The two equations for different time periods will 
be same for t = T/2, This gives 


X 


o 



(2.17) 


17 rit ing X ( t ) = X^ +AX ( t ) , 

The variation in distance AX(t) due to the motion of source 
is given by 

27 p' 

AX(t) = - V^(t) + 0<t<T/2 (2.18) 

27 p 

= 27Q(t) ~ t"^ T/2<t<T (2.19) 
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The count r>ate in the absence of any absorber is given by 


n 


(t) 


v 



( 2 . 20 ) 


where K is a constant. At the turning points (i.e. when the 
velocity of the source is zero) at t = T/4 and 3T/4 the ■ 
displacement is manimum and is given by 


.(t) 


max 


( 2 . 21 ) 


In our experiment the time period of oscillation I = 50 

milliseconds and velocity amplitude = 10 mm /sec. For 
AX 

X-, = 5 cm, is nearly 0.001. Theco-unt rate 0(t) (eq, 2.20) 

expressed by the help of binomial theorem is 

0(t) = [1 _ ^ + ] (2.22) 

^0 ° neglecting hi^er 

order terms 

The first term of equation (2.22) results in 0,1 /• shift 
in the base line. The other terms are small and can be 
neglected. The shift in the base line is very small and has 
no effect on the spectrum if the percentage absorption is 
large. If the absorption is small, the effect can be 
nullified by folding the spectrum about the maximum velocity 
point [17]. The folding is possible when the linearity of 
the velocity cycle is good in both halves, otherwise 
folding of spectrum may result in bad quality and poor 


resolution 
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2.0.2 Cosine Sm ea riiif; E ifect 

The cosine smearing effect, cansed by the finite size 
Oj? sov.rce absox’ber and detector window, results in broadening 
of absorption peaks with a slight shift in peak positions. The 
gemma rays reaching the detector have different angles with 
respect to direction of relative notion. The energy of the 
ganina rays which enter the detector is given by 

E(©) = Eq (l - (v/c))cos© 

where 6 is the angle between the gamma ray and the direction 

« 

of relative motion. The possible value of © for a particular 
geometry varies between 0 and © _ and hence it is not 

possible to consider an effective velocity. If © is large 
(when so^^rce - detector separation is small) this effect will 
be pronounced resxilting in broad distorted spectrima. 

If we increase detector-source separation cosine 
smearing effect will decrease. But at large source-dotector 
separation count rate will be low, requiring longer time 
for spectrum recording. Hence an intermediate value of 
source-detector separation should be selected keeping in 
mi’a! the other experimental considerations. 

2 . D ATA ANALYSIS 

The Mbssbauer data are analysed by the help of a 
digital compiiter. In writing the computer program, the 
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Iloesbauer peai's are assrjiied to be Lorentzian as suggested by 
Har guiles and Ehrman [ll]. The approximation is resonably 
goody vfhen tiie source 8.nd absorber line "width are equal and 
relaxation effects are small, A riumber of computer programs 
are available for the analysis of Hbssbauer data. In all the 
programs the basic conbept is almost similar. Our program 
is based upon the method developed by law and Bailey [18,19]. 
Eie program finds the valtie of adjustable parameters (guess 
values) to get closest agreement between experimental data 
and the value predicted by assumed fimcticn. 

Let the function 0^ = be the 

functional form chosen to fit the experimental data points 
Yj_» The condition for getting the set of parameters su.ch as 


S 


2 



.1 (^1 - 

1=1 


(2.23) 


is ninimum. Here I'l is the number of experimental data 
points. The condition for minimum of the above equation 


is 



0 


This condition gives n simultaneous equations. These equations 
are solved to get correction in approximate value The 

new, parameters 
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are tlien selected for (i+l) * iteration. The new paraKieters 
are exai'iined to ensure that S is minimuLi. These iterations 
are carried on till minimum is reached. 

Better and faster restilts are olotained if the 
increment of the parameters is restricted, i.e, 

+ a (2.24) 

where a is less than one. Program converges if the 

2 

successive values of S differ hy an amount less than the 
pre-as signed telerence , The goodness of fit is tested by 
the calciilation of the Ghi--sq,uare , 

Standard error in the fitted parameters B^^, is also 
calculated with the help of inversion matrix [20]. 

2,9.1 Hyperfine Bield Distribution 

The broadening of the T^c5ssba^^er line as explained 
earlier may be due to thickness effects, cosine smearing 
effect etc. If there is a distribution of hyperfine parameters 
as observed in amorphous systems, then it will also contribute 
to broadening of Mbssbauer lines. One can calculate the 
hyperfine field distribution from broadening Mbssbauer 
spectrum when other effects contributing to broadening of 
Mbssbauer spectra are small. Mahy attempts have been made 
to calculate hyperfine field distribution from Mbssbauer 
spectra. However wo have used Window method [21] illustrated 


below 
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2.9.2 Gomputation M ethod 

Tb.e basic principle for the two distribution (EFG and 

iiyperfine distributions) is' sane. If we denote the hyperfine 

5 7 

distribution as p(H), the Te Mossbauer spectrun can be 
written as 

A- p(Il) 

Y(S) = 2 ^ dH (2.25) 

i=l 1 + 4[(E-B^)A0 

th 

whore is the intensity of i"" peak, ¥ is the peak width 
and 

E = = Principal component of electric 

field distribution for BEG 
distribution 

E^ = a^^H = Position of the peak for magnetic 

field distribution. 

■Tlie value a^. is given as [23] 

16.15 X lO"^ mm/EOe 

9.34 X 10“^ min/ZOe 

2.54 X 10“^ mm/ZOe 

and ¥ is the peak width. 

The p(H) can be Eourier expanded in terms of a 
trignometric series 


^6 “ “ ®1 “ 

= — 3^2 — 

^4. = “ = 
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t 

p(H) = E b^[cos ~ (-1)^] (2.26) 

i=l max 

■'.ritli tlie boundary conditions 


P-(H) 


dH ■'E=E 




= 0 = (■ 


mxn 


dll ^H=H 


'max 


The away from tlie real value of H such 

that =0. The 1‘oiirier coefficients b^ are calculated 

by U-Sual least square fit to the experimental data. If 
IT - 8,ny hyperfine distribution p(H) can be expressed by 
eq. (2.26). The coefficients b^ are determined by solving 
(IT+l) simultaneous equations. The largest value of IT, one 
can use is limited due to finite memory space available in 
the computer. 

The computer program for hyperfine field distribution 
was tested for the standard saiaple such as sodium nitro- 
prusside and a-Ie, The results are shown in Tig. 2,7 and 
Tig. 2.8. 

2.10 OTHER TIBASmiSmTS 

To corroborate the results obtained for various 
samples with Mdssbauei- measurements, we have also carried 
out other measurements using various other methods such as 
X-ray powder diffraction, electron microscopy, electron 
paramagnetic resonance, magnetization and electron transport 



Relative obsorption pIVI (arbitrary units) 


-30 -20 -1-0 0 10 20 30 

Velocity (mm sec'b 

Fig. 27 EFG distribution in sodium nitroprusside (absorber) at 
room temperature. The top figure shows the (plV!) 
distribution while the bottom figure shows the 
fitted Mossbauer spectrum . 



Counts . p{H) (arbitrary unit) 



Channel no. 

Fig. 2 8 Hyperfine field distribution for c<-Fe ( absorber ) at 
room temperature. The top figure shows the p(H) 
distribution while the bottom figure shows the 
corresponding Mdssbauer spectrum of oc-Fe. 
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e a s ur e n en t B . 

The 2-ray powder diffraction patterns of the samples 
\jQ-r-Q recorded by using Rich Seifert ISO-Debye flux 2002 

dilfractronieter with 6;ulv^ taXciSt and Hi filter. The 
diffraction patterns were recorded at various temperatures 
ill the temperature range room temperature (25 °C) to 700 °C , 
The SPR measurements were made using Varian Associates 
Spectrometer (model V4502-12) in the 2-band frequency and 
with a 100 XRz field modulation. The EPR spectra were 
recorded at room temperature (295 2) and at liquid nitrogen 
temperature (78 Z) . 

The magnetization measui’eraents were made hy using 
Varian Associates PAR vibrating saiiple ma^etometer (model 
150A) and using a field up to 8 EG. All these measurements 
wero made at room temperature. 

Electrical conductivity ( P ) was measured by using 
four probe saraple cell fabricated locally. The Seebech 
coefficients cc xvore measured with respect to platinum in the 

temponaturc range RT uo 700 j.v« 

The transmission C'loctron aiicrograph were recorded 
nsing Philips EM 301 electron microscope. 
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CHAPTER 3 


MOSSBAUER SPIGTROSOOPIG STUDIES OP I'aCo^__^Ti^O^ A^TD 
raYr^'^^l)’“Ti^O^ SYSTEMS ‘ 

3 . 1 THTRODUGTIOH 

In recent years perovskite osides ABO^ (where A is an 

* 5 - 4 - 

ion like La and B is a transition metal ion) have Been a 
suDject of extensive research. Among these perovskite oxides 
laCoO^ has received maxim-um attention [1-7] because of its 
interesting electrical and magnetic properties. Many new 
technological applications of laGoO^ and its derivatives 
(solid solution with other perovskites) have evoked consi- 
derable interest in these perovskites# 

It is now established that the oxides xfith low 
cationic spin (S<l/2) exhibit metallic conductivity and 
Pauli paramagnetism. It is further shown that the d-electrons 
in such transition metal oxides behave collectively and are 
1 described by band theory (e.g. LaTiO^, LaJJiO^). In the 
ease of compounds having high cationic spin (S>2) the atomic 
moLiont can be described by crystal field theory with the 
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d-3lectrons showing localized hehavioux [8-10] (e.g. laCrO^, 
lallnO^, LaPeO^). In those cases where S = 2, the compounds 
eznioit J aJiii-Teller distrihLitions . In a given system the 
crystal field splitting, ^c-P and the exchange energy, A 
are the two factors which determine the spin state of tran- 
sition metal ion. If > A^^, the low-spin state becomes 

the stable state as in ¥0^, LaTiO^, CaVO^ and ZnCo20^ [8,10]. 
The high-spin state becomes energetically more stable when 
^ cf ^ ^ex haCrO^, laMnO^ etc. Both the states can 

coexist if A^^ = A^^ as in the case of LaCoO^. laOoO^ for 
which ^ Qf — Ag^ is known to exhibit unique electrical and 

magnetic properties [2,3,5]. The system LaOoO, is one of 

3 

the few oxide materials where localized electron ;! collective 
electron transition has been observed [2,7], 

The system laOoO^ has been studied by haccah and 
Groodenough [2] in great detail. The observed plateau in the 
inverse magnetic susceptibility versus temperature curve in 
the 400-650 K range has been identified [2] with (i) the 
variation of relative population of the low- and high-spin 
cobalt ions, (ii) the establishment of short range order. 
Experimental evidence supporting s'uch ordering was obtained 
from the differential thermal analysis (DTA) and other measu- 
rements, Sytametry of laCoO^ changes from to R^ following 
the short range ordering. These authors [2] observed a first 
order transition at 1210 K arising out of the delocalization 
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of tlie Og electrons (localized at lower temperature at high— 
spin Co ions) to form a band electrons. laCoO^ becomes 
metallic oeyond the transition where the bonding electrons 
form a o band, 

Groodenough [2] interpreted the electron transport 
and other properties of laOoO^ in terms of temperature 
variation of the spin and valence state equilibria of cobalt 
ion. It was further interpreted that the Q„ ^ transition 

o 

could indicate that the crystal field and band limits of 
d-electrons are distinct thermodynamic states. The mechanism 
suggested by G-oodenough for electrical conduction in laCoO^ 
presumed the formation of high-spin divalent and low-spin 
tetravalent cobalt ion pairs, 

Bhide et al. [7] have perfonued an extensive investi- 
gation of laCoO^ using a variety of techniques including 

ilbssbauer spectroscopy. In particular, the Mbssbauer 

57 

spectroscopic studies employing la CoO^ as the radioactive 
source not only served as a diagnostic tool [ll] for determi- 
ning the valence and spin states but it also gave information 
about the degree of covalency and therefore about the varia- 
tion of overlap integral A . In addition, the temperature 
variation of Lamb-Mbssbauer factor provides valuable informa- 
tion about the phase transition. The results of these 
extensive studies of LaCoO^ have helped to establish that 
cobalt ions exist predominantly in the low-spin (t^g ®g) 
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Co state at low teraperatxire which, transforms partially to 

liiiiii-spin (tp^ e ) Oo^"^ state ripto 200 IC. It is observed from 

IJbcsbauer spectroscopic studies that there is electron transfer 

from Co^"^ to Co'"^^ above 200 K producing divalent and tetra- 

valent cobalt ions with an accompanying decrease in the 

resultaiit population of Co-^ ions. Studies of magnetic 

properties indicate a continuous increa,se in the X T 

8 

throxighoiit the temperature range studied. Since the divalent 
and tetravalent cobalt ions are paramagnetic, the population 
of Co decreases significantly at high temperature and 
completely disappears at the localized - collective electron 
transition temperature (1210 K). These changes in the physical 
properties are also reflected in the electron transport 
properties of laCoO^. 

¥e have described above the studies of LaCoO^ in some 
details because it forms a basis for the studies of substituted 
systems. Several studies of substituted LaCoO^ systems (i.e. 
lai„ 3 ^‘^ 2 ;GoO^ 3-nd laGo^_^M^0^) have been made [4,6,12-18] in 
order to understand the electronic and magnetic properties 
of tlxese compomids. Among these substituted systemsIaj^^^c^rj-CoO^ 
has received more attention than others [6,16-19] owing to its 
interesting properties. Mdssbauer spectroscopic and magnetic 
studies showed [15] that the system Laj^__^Sr^GoO^ is ferro- 
marrnetic for s:> 0,125 at low temperature and metallic 
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ferroraagnet with = 232 K for x = 0.5. In La^__^Sr^CoO^ the 

f erromagnetically rich clusters coexist with the paramagnetic 
_ 3+ 

na regions in the same crystallographic phase. The ferro- 
na.gnetic component increases with x ard decreases with 
temperature. These authors [15] have assigned the origin of 
observed ferromagnetism to itinerant electron ferromagnetism 
originally suggested by Goodenou^ [19,20]. According to 
Goodenough’s model [19], the 3d holes generated by the 
sxibstitution of Sr‘^'*'are not localized at a single cobalt ion, 
but are shared by the ei^it cobalt ions nearest to strontium 
forming an acceptor level. With increase in x, the acceptor 
complex grows in size to form an impurity band giving rise to 
itinerant ferromagnetism, 

LaCoO^ sys'tem substituted at Co site by another 
transition metal ion has been studied by several workers 
[6,17,18]. Substitution of an ion of valency other than 3 may 
result in non-stoichiometric compormd . The system ^8-^02.-x^^x^3 
has been studied [17,18] for its electrical and magnetic 
properties. The expected n-type semiconductor behaviour is 
found only for low values of x (about 0,05) and at hi^er 
values of x it shows p-type behaviour [l7]. The electrical 
and magnetic properties of this system show a change in 
behaviour above a critical value of x which was also confirmed 
by the studies of Bahadur et al. [18]. In order to have a 
better understanding of this non-stoichiometric system, we 
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iiave carried out detailed Mdssbaiier spectroscopic studies of 
this system. The irxvestigation by means of Mdssbauer spectro- 
scopy of non-stoichiometry in single phase perovskite is useful, 
because the existence of nixed valence state of ITossbauer 
cation can be determined [ll]. 

The system have been found to have 

interesting electrical and magnetic properties. Simultaneous 

suDstitution of divalent ion at La site and a tetravalent ion at 

Co site results in a stoichiometric compound. like 

Ia,Co^__^Ti^O^ a change in electronic behaviour above a critical 

value of X is observed [18]. Cobalt existsonly in trivalent 

state in this system. Hence this system consists of only one 

■'jO-remagnetic ion Co^’ as in LaOoO^, Thus, in principle, 

tnis system should behave similar to laCoO-, However as x 

3 

increases the distortion from cubic symmetry decreases and 
so does crystal field splitting. This should bring out some 
changes in the spin state equilibria. To study these changes 
T:e have carried out detailed Mossbauer spectroscopic investi- 
gation of this system. The Mossbauer results are correlated 
with other data. 

The results obtained for LaCo^ Ti 0,. and la., Su^GOt ,Ti 0, 

J_*“X X j J.**X X J_"*X X j 

are compared with the known results of parent systems LaGoO^ 
and Iaj^__^Sr^GoO^. 
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5.2 BXPERI^EHTAI, 

In this chapter we report our studies of substituted 
perovskite systems (a) I'aCo^_^^Ti^02 and (b) 
with X = 0.50, 0.30, 0.15 and O.O5. "Various experimental 
techniques such as X-ray diffraction, magnetic susceptibility 
measurements, electrical conductivity and transport proper- 
ties, and Mbssbauer spectroscopy have been used to investigate 
the above substituted perovskite systems. Kbssbauer spectro- 
scopic studies are particularly useful as they provide a 
direct insight into the spin- and valence-state equilibrium 
in these solids. 



All the samples of the system LaCo., fi^O., and 
Lap„x^^x^°l-x'^^x*^5 were prepared by decomposition of appro- 
priate mixtures of oxalates or oxides having hi^ purity 
of consituent elements. The resiUting solids were repeatedly 
ground, in a ball mill, pressed as pellets and fired at 
1475 V for several hours. X-ray diffraction patterns were 
taken at each stage to monitor the completion of the reaction. 


Chemical analysis of x'^^x^3+6 that for 

0,05 the sample is nearly stoichiometric. However, for 


other values of x the samples are non-stoichiometric with excess 
oxygen being 0.006, 0.016 and 0.168 atoms per molecule for 
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X = 0.15j 0 . 30 , 0.50 reBpectivelj!", Hereafter we shall 
represent this system as laCo., ,Ti O.^ for convenience, She 
sjT-stem is stoichiometric for all values 

of X as expected. 

X-ray diffraction measurements were made using Rich- 
Seifert X-ray diffractrometer to determine lattice parameters 
of the tvj'o systems at room temperature, lattice parameters 
are given in Table 3«l(a). Temperature variation of lattice 
parameters of the laCo^ cTio la^ r-Oo^ i-Tin crO^ 

^ 0.5 0,5 5 0.5 0,5 0.5 ' 0,5 3 

was studied using high temperature X-ray diffraction in the 
temperature range from 300 to 1000 K, The results are given 
in Table 3.1(b), Ho signiticant change beyond a sli^.t 
increase in lattice parameters due to thermal expansion was 
observed. 

In view of these observations high temperature X-ray 
diffraction measurements for other compositions vrere not 
carried out, 

3.2.2 Electrical and Magnetic Measurements 

DC electrical resistivity measurements were performed 
in the temperature range 300-1000 IC by the two probe method 
for high resistivity samples and by the four probe method- 
for low-resistivity samples, Seebeck coefficients were 
measured relative to platinum in the temperature range 400- 
1000 K, Magnetic susceptibility measurements were made using 
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PAR vibrating sample magnetometer (model 150) between 500-700 K. 
5.2.5 Mossbaue r Stndies 

57 

le Mossbauer studies were carried out using 
•'1 57 

la' Oon Ti 0 ^ and la-, ^Sr^ Co^ Ti_ 0 , as radioactive 

Mossbauer source with 510 stainless steel (510SS) or enriched 

potassium ferrocynide (PPG : K^Pe(Gh)g 5 H 2 O ) single crystal 

absorber. For the preparation of sample source, 1,0-1, 5 imn 

thick pellets were made. Few drops of an aqueous solution 
57 

of G 0 OI 2 were added to the sample and were dried using 

Philips 150 watt infrared lamp , The samples were next 

57 

heated in air at 1500 Z for 4 hoixrs to allow the Go 
activity to diffuse in the sample and then slowly cooled to 
room' temperature. The sample surface was polished to rem.ove any 
undif fused radioactivity. 

Mbssbauer spectra were recorded using electromechanical 
drive spectrometer (described in Ghapter 2 ) in constant 
acceleration mode in conduction with 512 channel analyser. 

The spectra were recorded at 78, 295, 400, 5 OO, 600, 
and 800 K by moimting the sample source in cryostat or 
furnace. Standard 510SS absorber was used in these studies. 

Room temperature Mdssbauer spectra were also recorded using 
enriched PFC single crystal absorber to get better resolution. 
High temperature Mdssbauer spectra were however recorded 
using 5 IOSS absorber alone. The choice of 510SS absorber 
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>ras based on its larger recoil-free fraction f = 0,28 as 
compared to f = 0.08 for PFC absorber. Larger value of f 
vas desirable during tile bigh temperature measurements 
because of the larger source-to-detector distance involved 
in the high temperature furnace, 

3 . 3 RESULTS AITL LISCUSSION 

3,3.1 System LaCo^__^Ti^0^ 


The spin-state eq_uilibrium and nature of ordering of 

cobalt ions can be understood by an examination of the 

variation of magnetic susceptibility ( X ) with temperature, 

S 

Ordinarily, for a paramagnetic substance T does not vary 

S 

with temperature, because 

-,,2 2 

XgT = = Constant (3,1) 


Pfowever, when the popvilation of paramagnetic species varies 
with temperature XT would not remain constant with tempe- 

O 

ro.ture variation but would obey the relation 




2 2 

n 

311 n+m 


(3.2) 


where n and m represent the proportion of paramagnetic and 
diamagnetic ions respectively.’ Eq_uation (3.2) can be 


rewritten as 
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n 

m 


1 

2 2 

_ 1 ) 

3R XgT 


( 3 . 3 ) 


where \i is the effective spin-only magnetic moment of para- 
magnetic ions. Tims the variation of X^T with temperature 
would provide information on the transformation of spin 
sta.tes. The plots of X_T versus T for laCo. „Ti 0^- system 
are given in Pig. 3.1. These plots indicate that the 
proportion n/m remains constant for x = 0,05 and 0.15 upto 
350 I-, There is a change in slope in the 350-550 h range 
for all the four compositions studied. Similar hehaviour 
was observed in the parent system laCoO^ [2], Por all the 
coripositions X T decrease rather sharply after 500 K 

O 

indicating a rapid decrease of paramagnetic ions population. 
Similar changes have also been observed in the Mdssbauer 
data (discnissed below) of these compounds. 

¥e have studied the variation in the spin state 

57 

ecj.iiilibri-um in these compounds by means of Pe Mdssbauer 
spectroscopy. Poom temperature Mo'ssbauer spectra measured 
for various compositions of laCo., ,Ti 0^ (i.e, x = 0.50, 0.30, 
0,15 and 0.05) with the help of enriched PPG single crystal 
ebscrber are shown in Pig. 3.2. Mo'ssbauer spectra for various 
compositions of recorded at various temperatures 

(78j 295, 400, 500, 600 and 800 K) using 310S8 absorber are 

1 




•jz>qjosqD DJd 

6uisn (v<963)2>-»mDJ0dujai ojooj papjoD^J 
uj2}sAs DJpads janoqsspH Z £ -J 

( Das/ ujui) AipopA 




Iatle,3.2 MSasWuer paiswaters for LaGo^_^Ti^Oj at 295 K (room temperature) measured usiug 2SQ abeo 
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sho’m in Pig. 3.3(a) for x = 0,50, (b) s = 0.30, (c) x = 

0.15 (d) X = 0.05. Hone of these spectra show presence of 
raagnetic Zeeman splitting. All the spectr show the 
presence of two or three resonance lines. The resolution 
between these resonance lines appearsbetter in the case of 
those spectra which are recorded tising PPG absorber. 

The room temperat'ore Mbssbauer parameters for 
different compositions of laGo^__^Ti^0^ evaluated from the 
I'lossbauer spectra (Pig. 3.2), recorded using eni'iched PPG 
aiosorber, are summarised in Table 3.2. The observed tempe- 
rature variation of isomer shift (IS) for various composi- 
tions of laGo^__^Ti 2 j.O^ is given in Table 3.3 and plotted in 
Pig. 3.4(a) for x = 0,50, (b) x = 0.30, (c) x = 0.15 and 
(d) X = 0.05* These IS values were determined using 310SS 

absorber and the zero of velocity scale refers to the position 

57 

of resonance line observed using standard Go source in Rli 
matrix. The observed peai-width (P¥HM) of resonance, lines 
at various temperatures in the Mbssbauer spectra of 
laGo-| _^Ti^0^ are given in Table 3.4. Also shoxm, are 
temperature variation of percent area of the peaks and of 
total area under resonance in Table 3*5. 

Three resonance peaks are observed in Mbssbauer 
spectra of LaGo^_^Ti^0^ with x = 0.50 and 0.30. At room 
temperature these resonance peaks are observed at 0.19+.01, 
0,44+, 02 aiid 0.75+.01 mm/sec for x = 0,50 and at 0,08+, Ql, 


-10 


0-0 


To fi To 

Velocity ( mm/ sec ) 


0-0 


1-0 


Fig. 3 3(a) Mossbauer spectra of La CoQgTtQg.O^ recorded at various 
temperature using 310 stainless steel absorber. 
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l^}g.3-3(b) Mossbauer of La Co^_^Tij^ O3 ( x=0-3 ) recorded at vari- 
ous temperatures using 310 stainless steel absorber. 
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Ftg3.3(c)Mossfoa.uer spectra of La Cot-xTix O3 (x=0.15) 
nleasured at various terrperature using 3T0 
stainless steel absorber: 
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P^ig, 3.3(d) Mossbauer spectra of LqCoq ggTiQQ^j recorded at various 
temperature using 310 stainless steel absorber. 
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0.34+.03 and 0,60+. 01 mm/sec for x = O.3O. Only two resonance 

pealrs are observed in samples with x = 0.05 and 0,15. At 

room temperature the peak positions are 0,13+. 01, 0.34+,02 

m:.i/sec for x = 0,15 and 0.13+.01, O.38+.OI mm/sec for x = 

0.05. Using the systematics of IS valiies reported hy 

G-reenwood and Gihbs [19] (also shoim in Fig, 1.4 of Chapter 

1) the resonances can he assigned to Co^"*" and 

states respectively which are loiown to exist in 

laOo^ [18]. Other possibilities must be excluded 

before assigning these resonances due to different valence 

states of cobalt. One such possibility is that the two 

peaks out of the observed peaks may be the quadrupole split 

partners of a single valence state, This seems most unlikely 

since the intensity of three peaks are unequal and are 

uneven. Furthermore, the observed temperature variation of 

percent area of three peaks (see Table 3.5) excludes the 

possibility of any two peaks being partners of a quadrupole 

split spectrum. Hence the assignment, of the observed three 

peaks to Go ' , Co and Co in increasing velocity 

order is justified. The sample with low value of x (i,e, 

X = 0.15 and 0,05) does not show the presence of third peak 
2+ 

(Go ) which is present in samples with large z (i.e, 

X = 0,30 and 0,50), It indicates that divalent cobalt 
generated by substitution of Ti^’*' in sampleswith low value 
of X (i.e, 0,15 and 0,05) are in low-spin (Co^^) state. 
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Tiie other possibility is that cobalt might also be present 

/ 2-f \ 

in divalent high-spin (Co ) state but probably due to small 

2+ 

concentration of these Co ions, they gre not detectable 
in Mdssbauer spectra of these compounds. In sample with 
larger x (i.e, x= 0,30 and 0.50) divalent cobalt generated 

A-f- 2+ 

uy substitution of Ti ' ezistsln liigh-spin Co state -which 

give the third resonance peak in Mdssbauer spectra of these 

compounds. The above behaviour could be explained as in 

laCo-, ,.,Ti„0^ distortion from cubic S3amiietry decreases as x 
j[_ ■™ z y 

increases. The crystal field splitting also decreases as x 

II 

increases, making low-spin state (Co ) energetically favou- 

p, 

rable for low value of x and high-spin (Co ) state for high 
value of X. 

Assuming that the three resonances are due to 

Co^"^ and Co^"^, we have tabulated in Table 3.5 
the percent intensities of these resonances at various 
temperatures to obtain the relative populations of 
Co'' and Co states. The intensity of these resonances 
was determined from the area under the respective 
Jiorentzian, after they were resolved (see T'ig, 3«3). In 
this analysis we have assumed that the Debye-Wal3-er factor 
for the three states of cobalt in laCo-, Ti 0^ is about 
the same. This assumption is justified to some extent 
because all the cobalt sites in laCo-, „Ti 0_ may be occupied 
b3r any of the cobalt species* Bhide et al. [7] have 



established that following the electron capture decay of 

57 

"" '(Jo Pe, the low-spin cobalt ion leads to respective 

lc': -spin iron ion and the high-spin cobalt gives rise to 

respective high-spin iron. Ihe schematic energy level 

dia,gram [7] relevant for this decay is shown in Pig, 3«5. 

vJe have extended these results and have assumed that in 

laCo-, 7i 0^ population of Pe^^^’^^ Pe^"*" and Pe^"^ 

observed in its Hossbauer spectra reflects the population 
TT TV P4- 

of Go ’ ? Co’^' and Co respectively. The relative 

population of hi^x-spin (Go^'^j, Co^"^) and lovj--spin 
states evaluated from M'dssbauer spectra of laCo, Ti 0™ 

A— X X j 

system 'is given in Table 3.6. The area ratio of high-spin 
(Go^"^, Co^"^) and low-spin for each composition 

(see Table 3.6) shows a change at about 500 K, whicii is 
consistent with earlier magnetic susceptibility and electron 
tr3,nsport studies [18]. Except the change around 500 K, 
there is no systematic trend in the area ratio. It is 
interesting that the plot of electrical resistivity [18] 
and thermo-electric power versus inverse of temperature 
(Pig. 3.^). also shows changes around 500 K for all the 
compositions. The change is more obvious in samples with 
small X (i.e. x = 0..05 and 0.15). 

The temperature variations of isomer shift (IS) of 
various resonances observed in laCo, Ti^O^ system are 

JL“^X A ^ 
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Ftg 3-5 Spm states of cobalt and consequent iron* 
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sl'iOT.fn in Fig. 3.4 and Table 3.3. The IS for all the 
coHpositions decreases rather substantially with the increase 
in temperature. The decrease in IS may occur due to following 
possibilities « 

2 

(i) Change in mean sq.uare velocity, <v > giving rise to 
changes in the second order Doppler shift [20], 

(ii) Change in IS arising because of thermal displacement 
of neighbouring atoms, 

(iii) Generation of cobalt species which have lower IS 
values , 

The observed changes in IS values (Fig. 3*4) cannot 

be fully accounted for as due to second order Doppler shift 

(5g0j)^ because the observed changes are -■0,073x10"’^ 

- rnm/sec-Z [2l] (the masimum theoretical value of second 

57 

order Doppler shift in case of Fe 14.4 heV gaama-ray) . 

If the observed changes are attributed to ionic vibrations, 

the decrease in IS would imply greater covalency and increase 

in the overlap integrals [10]. 

It is known that divalent cobalt ions are generated 
4 + 

when Ti is substituted in laCoO^ to form DaGo^__^Ti^0^ [18]. 
Mossbauer spectra of LaCo^_^Ti^0^ I'ecorded at room temperature 
using PFC absorber (Fig. 3»2) show presence of a broad 
resonance peak at 0.65+.02 mm/sec for x = 0.50 and at 
0,55+. 03 mm/sec for x = 0.30 when fitted for two resonances. 



The larger peak width 0.62+. 05 mm/sec for x = 0,50 and 

0.58+.08 mm/sec for x = 0.30 suggest the presence of more 

than two resonance peaks in these Hossoauer spectra. Hence 

we have fitted these spectra for three peaks (Fig, 3.2), 

The Kosscauer parameters obtained from these spectra are 

given in Table 3.2. The sampHes with x = 0,05 and x = 0,15, 

however, shovj- only two resonance peaks at about 0.04 mm/sec 

and 0.19 mra/sec (Co^"^), These results indicate 

the presence of Go^"^ in all the saiaples. In 

2 + 

addition, Go is present in samples with x = 0,50 and 
0 . 30 , Similar behaviour has been observed in the Mossbauer 
spectra recorded using 310SS absorber. 

3 . 3.2 System la^_^Sr^Go^__^Ti2.0^ 

This system is stoichiometric for all values of x. 

The ■ charge compensation takes place due to simultaneous 

2+ 34* 4-4- 3-4- 

substitiition of Sr at la site and Ti at Co"^ site, 

Fy using electrical and magnetic measurements, Bahadur et al, 
[I 8 ] have confirmed that in this system cobalt exists only 
in triva3.ent state. 

Thus, in this system the transformation is mainly 
between paramagnetic Oo^ ion and diamagnetic Co"^ ion. 

Hence for this system equation (3*4) can be written as 



n 

rn. 


1 


Go 

Co 


3+ 

rfi 



Parajaagpaetic ions 
Piamagiietic ions 


(3.5) 


where |.i is the spin only magnetic moment of paramagnetic 

ion. Plots of XT versus temperature for la. Sr Oo^ Ti 0„ 

g 1-x X 1— X X 3 

system are given in Pig. 3.7. These plots indicate that 

proportion n/m remains constant up to about 450 K for all 

compositions of ^ ” 0,50 and 0.30 

X T increases continuously in 450-650 K range and thereafter 
g 

ii; remains constant. The increase in X T indicates increase 

o 

in the poptilation of paramagnetic ions (Co ). Por x = 0.05 

and 0.15 a sharp change has been observed in XT vs. T plot 

s 

at 480 Z for x = 0.05 and at 560 K for x = 0.15. The X T 

g 

decreases rapidly after T = 560 K for both the compositions. 

This decrease in X^T value implies decrease in the popula- 

tion 03? paramagnetic ions after T = 560 K. 

¥e sought to confiim the above variation in the 

57 

s-f,in state eq.uiliDria by means of Pe temperature 
dependent Hossbauer spectroscopy of la-, Sr Go., Ti 0., system, 
iloom temperature Mossbauer spectra of la^ Sr Go. Ti O™ 

J-'^X X X’^X X( p 

m.easured using enriched PPG absorber are shown in Pig. 3.8. 
hossbauer parameters evaluated from the spectra (Pig. 3,®) 
are given in Table 3.7. Mossbauer spectra of the 
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system recorded at room temperature 
{ 295K) using PFC absorber. 
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la^ recorded at various temperatures using 

310SS alosorler are shown in Fig. 3.9 for (a) x = 0.50, (b) 

0 . 30 , (c) x = 0.15 and (d) x = 0.05. All these spectra 

(Fig. 3.9) consist of a broad asymmetric pealc which is 

revsolved into two Lorentzians. The IS values obtained from 

the analysis of these spectra are given in Table 3.8 and 

-jlotted in Fig. 3.10. The isomer shift values are 

comparable to that for laC.oO^ reported by Bhide.et al. [7j,. 

The peak widths of the two resonances observed in 

la, Go, Ti,^0^ are given in Table 3.9. The percent areas 

of the two resonances, their ratio and total area under 

resonance observed in Mb’ssbauer spectra of la. Sr Go, Ti 0^ 

1-x X i~x X 3 

£i,re given in Table 3.10. 

It may be mentioned that none of the Mossbauer spectra 

show the presence of magnetic hyperfine splitting, even at 

liqiiid nitrogen temperature. This could be explained by 

4+ 

assuming that Ti substitution restricts the generation of 
4+ 

Oo ions which are responsible for f e'rromagne tic interaction 
observed in [19]* This type of behaviour has 

also been observed for the system LaCo Ti_0_. 

Two resonance peaks have been observed in all the 
spectra of system La, Sr Go, „Ti 0^ recorded at varioi;® 
temperatures. The two resonances are clearly resolved in 
the Mossbauer spectra recorded at room temperature using 
PFG absorber (Fig. 3.8). At room temperature the hi^ 
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Fig.3.9(o) M6sstx3M€r spectra of ^3 (x=0-5) recorded at various temperoture using 310 stainless 

‘ steel absorber. 
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Fig. 3.9(b) Mbssbauer spectra of La^.j<SryCoi-xTij(03 ( x: 0.3) recorded at various temperatures using 
310 stainless steel absorber. 





Counts ( arb. uhifl ) 



ig.3-9(c) Mbssbauer spectra of Lai_x5rx Co-j.^ T 
(x = 0-15) measured at various temperati 
usina 310 stainless steel absorber. 




Counts ( orb. units ) 


Velocity (mm /sec ) 


U. 3.9(4) «»s.b.wr 

soasoLT^d at varioas temparatar® aaiag ? 











t«V'ble 5.9 Otwerved peak iridtSi* of the resonance at Tarious tempeiature in. different compoeition of 




Table 3.10 Temperature variation of area ratio of high-velocity resonance to low-velocity 
resonance and total area under resonance observed in Mdssbauer spectra of 
0 . _ Ji 0 ,^ . 
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velocity resonance lies between 0.30+,02 mm/sec and 0,45+. 03 

mi:/soc and the low velocity resonance is near the zero velo- 

ci+77 nosition (zero of velocity scale refers to the peak 

57 

position obtained uning standard Co soxirce in Eh matrix 

and 31033 absorber). Prom the systematics of IS reported 

by Cfi’eenwood and Gibbs [23j the high velocity resonance 

3+ 

is assigned to Co state and low velocity resonance may be 
TIT II rv" 

due to Co * * states. Before assigning these resonances 

to different valence states of cobalt we must exclude other 
possibilities; one siich possiblity is that the two resonances 
may be quadrupole split partners of a single valence state, 
'This possibility can be ruled out by arguing on lines similar 
to the system LaCo ^^Ti 0,,. 

Hence it is justified to assign the two resonances to 
Go'^'* and which are Imom to exist in parent 

system LaCoO^[7j. The comparable values of IS obtained for 
the system that of laCoO^ [7] (Pig. 

3.10) also indicate the presence of similar kind of cobalt 
species in two systems. The observed temperature variation 
of IS values in this system is also similar to that of laCoO^ 
(Pig. 3.10) • change in slope, in the IS versus temperature 
plots in the temperature range 450-600 E has been observed 
for all the compositions. In the XgT versus temperature 
plots (Pig, 3.7) a sharp change has been observed for x = 0.05 
and 0.15 in this temperature range. Fnile for x = 0,50 and 



114 


0.50 a change in slope has been observed (see Fig, 5.7). 
Siaiilar changes have been observed in the temperature 
range 400-600 E for the system laCoO^ [7]. 

The IS values for low-velocity resonance measured 


78 


Table 3.8) increase as V7e go from x = 0,05 to 


X = 0.15 and then the IS values decrease with further 
increase in x. The IS values at 78 K for high-velocity 
resonance first decrease upto x = 0,15 and then they 
increasesfor x = 0.30 and 0.50, The changes are, however, 
small in magnitude. These changes in IS values indicate 
that upto certain concentration of x, the low-spin states 
are more favourable. It is also possible that because of 
change in crystal field splitting due to increase in x, 
some intermediate spin states (e,g. ©g) are formed. 

The IS values for these intermediate spin states lie 
between that of low-spin and hi^-spin resonance, however, 
with fvirther increase in x the distortion further decreases 
and as a result of this decrease, high-spin state may 


become viore favourable. 

The total area under resonance and area ratio 
of high-velocity resonance to low-velocity resonance for 

the system ^a^L-x^^x^ °l-x^^x*^3 given in Table 3.10. 

ITo systematic trend is observed in the total area under 
resonace values. However, the observed changes are 
indicative of ionic vibrations and transitions which are 
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also reflected in other data. For all the compositions 
studied, the area ratio of hi^-velocity resonance to low- 
velocity resonance .changes sharply at about 500 K (Table 
5 , 10 ), A similar observation has been made for the 
previous system laCo, ,^Ti 0^, These resifLts indicate signi- 
ficant change in population of spin states around this 
temperature. 

All above observations suggest that the spin state 

eciuilibrium in ^a 2 _x^^x^o^_^Ti^ 0 ^ is similar to that in 

LaCoO^. Both the systems also show similar magnetic 

5h- 

behaviour because the only magnetic ion Co"'^ is common in 
the systems. 

It would be interesting to compare the perovskite 
system (a) laCoO^, (b) La^_^Sr^Co0^, (c) 

and (d) LaGo^__^Ti^0^, where there is a consderable change in 

the valence state of cobalt. In these systems cobalt ions 

exist in (a) trivalent state only, in (b) trivalent and 

tetravalent states, in (c) trivalent state only and in (d) 

divalent and trivalent states respectively. In Iaj^__^Sr^CoO^, 
4 + 

the Go forms the itinerant band which is mainly responsible 

for itinerant electron ferromagnetism. In the present two 

4-f 

systems the formation of Go is restricted because of the 

4 + 

substitution of Ti . This is the reason for the localized 
behaviour and absence of ferromagnetic interaction in these 
systems ((c) and (d)). 





Vflocily (rwT» /^c) 


Fi9,3ll Room t^mpi(?raiur« M6S0fc>ay@r spectra of (a) to Co 03 C^] 
(b) tOQ^.^5r0g Co 0^ [ j| , ( c ) Tiq^O^ ond 

(d) la COq ^tiQgO^. recorded usjng RFC obsorber. 
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In Talle 3.11 we liave compared the properties of the 
above fonr systems for r = 0,50 and at 1 = 500 IZ. i’he data 
for laCoO^have been tahen from [7] and those for laQ ^SrQ ^CoO^ 
from [I5]. There is a wide variation in the electrical 
properties of these systems. Although at 500 K holes are 
majority carriers in all the four systemsbut electrical 

nature of the four systems are differentj system (a) and (c) 
are semiconductor, (b) is metallic and (d) is an insulator 

at T = 500 for x = 0.5. 

In Tig, 3*12, we have shown the room temperature 
Hbssbauer spectra of the four systems measured using PTC 
absorber. The M'dssbauer parameters of these spectra are 
given in Table 3*11* The Ifdssbauer spectra of laCoO^ are 
taken from [7] and of Lsq ^Sr^ ^GoO^ from [15]* 

3*4 auiyiMARY 

Substituted perovskite systems TaCo, ^Ti 0^ and 

X X j 

la, with x = 0*50, 0.30, 0,15 and 0.05 have 

been studied by Mdssbauer spectroscopy. X-ray diffraction 
and magnetization measurements. The Mdssbauer measurements 
were made at temperatures, 78, 295, 400, 500, 600 and 800 E. 

.3oth systems show a change in behaviour above a critical value 
of X and temperature. Itinerant electron ferromagnetism is 
not observed in these systems. Go is found in LaGo, Ti 0- 

JL**X X y 
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for larger r. (i,e, x = 0,50 and O. 3 O), in addition to Go^'*' 
III II IV 

and Co ^ * ooserved in botli tiie systems, ilie res^ilts 

of r'(jss?ja^ier spectroscopy a,re in a.greement with electron 
transpc:''t and magnetic properties, liie results obtained 
for the two systems are compared and discussed with the 
hnomi results of the parent systems. 
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CHAPTER, 4 


KOSSBATJER SPECTROSCOPIC STUDIES*OF THE SYSTEM 


4 . 1 IHTR QDUCTIOH 

Rare earth, garnet (RIG) R is a rare 

earth, ion or yittrimn ion) have been studied exrensively in 
view of their interesting electrical and magnetic properties. 
Many new exciting technological applications of these garnets 
have also evoked considerable interest in these materials. 

Some of these important technological applications are [1-2] : 

(i) Tunable filtei'S, circulators and g.yrators for microwave 
region, 

(ii) magnetic bubble domain-type digital memory devices, 

(iii) magneto-optical device, 

(iv) acoustic devices. 

For each application, RIG with specific characteristic 
properties are required. The properties of RIG are basically 
determined by the method of their preparation. The micro- 
structure, grain size and related properties can be suitably 

*The results of these studies shall be presented at Int. 
Conf. Ferrites, San -Frans is co, U.S.A, , Hov. (1984). 
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controlled using specialized techniques mentioned below. 

The garnets in amorphous state are relatively less known 
[3-9J. The amorphous garnets may be prepared by some of 
these techniques. ¥e can make garnets with requisite 
properties by giving suitable heat-treatment to amorphous 
samples. The methods used to prepare non-crystalline Rid 
samples are i 

(a) melt quenching [3Jj 

(b) spray pyrolysis [4], 

(c) d-c or R-R sputtering [5»6], 

(d) freeze drying [7], 

(e) amorphous citrate gel process [8,9]. 

Jknong the above method, amorphous citrate process 
has distinct advantages over the other. Some of the 
advantages of the citrate gel process are that the growth 
of various phases and the grain size can be suitably contro- 
lled. The amorphous citrate process is a promising technique 
for prepa.ration of RIG with wide range of characteristic 
properties. Suitability of Rid for various applications is 
determined by various standard characterization techniques 
such as X-ray diffraction, differential thermal analysis 
(DTl), electron paramagnetic resonance (EPR) , transmission 
electron and optical microscopy, magnetization measurements 
and Mbssbauer spectroscopy. In particular Mbssbauer spectro- 
scopy is very useful as it provides valuable information about 
the various magnetic phases in the .sample. 
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In this Institute mixed yittrium-gadolinium garnet 
system x = 0, 0.5 and 5 has been prepared 

b:y amorphous citrate process [9]. 'Ihe first member with 
x = 0 is the novel garnet system YIG. This sj/stem is ideally 
suited for studies of fundamental relaxation process, spin 
wave excitations etc, [2], Its small g-factor 2,0), 
narrow line~width and small anisotropic field make it 
especially suitable for low-frequency applications. In many 
devices such as ferromagnetic amplifiers, resonance filters, 
harmonic generators and passive liraiters, vrhicli exploit the 
high-power non-linearities of ferromagnets j YIG has been 
widely used because of its small resonance line-width. 

The last member x = 3? is the pure gadolinium garnet 

(G-dIG) which has received great attention because of its 

very interesting properties, firstly, the Gd ion (like 

Y^"^ and Lu^'*’ ions) has no orbital ang'alar momentum and, 

conseq_uently does not interact strongly;- with the crystal 

fields of the lattice as most of the other rare earth ions 

3+ 

do. The fact that Gd interacts weakly with the crystal 
fields is reflected in both magnetization and resonance 
properties of GdIG, Gadolinim has non-zero spin angular 
mom.entum and GdIG has a compensation temperature (T„_„ 290 Z) 

where the net magnetization vanishes. Its coercive field E 
is verjr sensitve to temperature and it is therefore, ideally 
suited for thenao-magnetic writing and magneto-optical readout 


memory devices , 
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The middle member z = 0.5 is mixed yittrium-gadolinium 
garnet Y 2 5*^0 55 *® 5*^12* The substitution of gadolinium in 
TIG reduces the magnetization without changing the Curie 
temperature T., whjch results in a stabilization of satura- 
tion magnetization (Mg) with temperature. Harr is son and 
Hodges [ 10 ] suggested that composition 2^1 8^®5^12 
a good temperature stable garnet over a wide temperature range 
centred around 50 °C. Garnets with compensation temperature 
anywhere between room temperature and absolute zero can be 
mads by appropriate substitution of Gd^"^ in YIG. The 
Gadolinium being an S-ion (L = 0) does not exhibit spin-orbit 
coupling, which affects the gyromagnetic movement (rapid 
relaxation) resulting in increased line-widths, hH, , AH „„ 

K. 6 1 i 

and AH. The RIG with large line -widths are unsuitable for 

■5 . 

various microwave applications. Thus the Gd in one of the 
magnetic rare earth ion which on substitution in YIG gives 
useful garnet systems. 

In the following sections we shall describe' the 
results of our Mbssbauer studjes of the garnet system 

^3-x^x^®5^12 ^ ~ 3« To corroborate the 

results obtained by Mbssbauer studies we have also studied 
this garnet system using X-ray diffraction, electron para- 
magnetic resonance (EPR) , and magnetization measurements., The 
Mbssbauer spectroscopy is ideally suited to provide informa- 
tion about the various magnetic phases present in the sample. 
The usefulness of Mbssbauer spectroscopy in characterization 
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of magnetic phase, in particular, TIG phase in different 
glass systems has been illustrated earlier [11-12]. 

4.2 jjXPEfilMElTTAL METHODS 

In this section we will briefly outline the sample 
prejjaration and various experimental techniques used in the 
present investigation. 

4.2.1 Sa mple Preparation 

The amorphous 5^12 garnet samples were 

prepared by the citrate gel process [9]. The stoichiometric 
amount of ^ 2 ^"^ Grd 20 ^ were dissolved in concentrated nitric 

acid. The required amount of ferric citrate and citric acid 
solution in water was added. Citric acid was added in excess. 
The mixture was refleuxed for about six hours and then heated 
upto 120 C and kept at this temperature till it dried. The 
drjed precursors were subjected to two different heat 
schedules. In the first schedule, the obtained product was 
heated at 400 °C for 24 hours in an atmosphere of 95 */• 
nitrogen and 5 7* oxygen and again for 24 hours at 400 °C in 
air. This was followed by heating in air at different 
temperatures for 4 hours each. In the other heating 
schedule the initial heat treatment at 400 was only given 
in air instead of a mixture of nitrogen and oxygen. The 
above two heating schedules shall be referred to as A and J 
schedules respectively. All the samples obtained by 
different he at -treatment are listed in Table 4.1. The 
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samiDles are denoted ly i' , YG- and G for x = 0, 0,5 and 5 
syste-m respectively. Tlie heat-treatment schedule A or N 
with heat-treatment temperature in units of 100 °C ax's added 
next to tl'ese symbols. I'or example TGAS stands for 
Y ,/j-d^Yet-O^ „ (x = 0.5) sample heat-treated for 4 hours at 
GOO °C a,s per schedule A, The samples marked by asterisk 
(s) are heat-treated for 40 hours instead of 4 hours. The 
heated samples were allowed to cool do^m slowly to room 
tenperatiires before studying them by various techniques, 

4 .2.2 s s b a_uer_ J'Te as ur ern ent s 

.■por Mbssbe.uer spectroscopic studies, approximately 
50 of powdered sample were layered on a circular area 
of about 1 cm diameter and sandwiched using two layers of 
cellotape. The Hbssbauer spectra of these samples were 
recorded using the constant acceleration Mossbauer spectro- 
meter described in Chapter 2. Mossbauer spectra of all 
the samples were recorded at room temperature (295 A). For 
some of the samples Mossbauer spectra were also recorded at 

liquid nitrogen temperature (78 k) . The source used in these 

57 

neasiirements was a 10 mCi Co in Eli matrix obtained from 
FeTj England Nuclear Inc., USA. The spectrometer was cali- 
brated using a-Fe absorber, Mossbauer spectra of polycrysta- 
lline' YIG and y-FOgO^ were recorded for identification of 
variotxs magnetic phases, MUssbauer spectra were analysed 
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'•ritii the help of DSC 1090 digital computer using least square 
fitting programr':e as discussed in Chapter 2. The DM and 
maignetic field distrihutions are also computed u.sing computer 
pro ' rai'T' es based on Window's method [13]* 

4.2.3 Otigsr^ 

ITagnetization measurements of all the samples were 
r^ncle i’LSi.ng Varian Associates PAR vibrating sample magneto- 
meter (Uodel I 5 OA) at room temperatiire (295 A) using magnetic 
field upto 10 EG. 

X-ra 3 r diffraction patterns were recorded after each 
heat-treatment schedule to monitor the crystallization 
’■in sties of various (gai'net and spinel) phases. The Eich 
Ceifert ISO-Debyeflex-2002 diffractrometer with CrX^(with Y filter) 
orCuK^^with Y± filter) was used to record the diffraction 
patterns . 

BPB. spectra of all the samples were recorded at room 
temperature (295 K) and at liquid nitrogen temperature (78 A) 
using Varian Associates spectrometer (Model V-4502-12) in 
the x-band frequency using 100 lliz field modulation. The 
magnetic field was set at 3.3 AG and scanning range used 
Was 5 KG. 

4 . 3 R ESULTS AND DISCUSSIOK 

The system K^_^Gd^Fe^0^2 is amorphous when heated 
below 650 , 600 and 500 °C for x = 0, 0,5 and 3 respectively. 
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Tlie iIossba''ier spectra of amorphous saiaples consist of two 
quadrupole -split broad peaks characteristic of paramagnetic 
amorphous nature of the sample. (The mbssbauer spectra of 
samples heat-treated above crystallization temperature 
con'''ist of magnetically split six-finger patterns charac- 
toristic of magnetic nature of the sample, The int 8 nsit 3 ^ 
of magnetically split spectruiii increases with higher heat- 
treatraont indica.ting growth of the magnetic phases. Me 
shall first discuss the system x = 0 in detail and follow 
it up with X = 0,5 omd 5 systems, 

4.5.1 System with x = 0 

The Z-ray diffraction patterns of the as prepared . 
precursor sample and of samples heat-treated at T = 400, 

60C, 650, 700,800,900 °C are shown in fig, 4.1(a) and (b). 
Samiples heat-treated below 650 a,i’e X-i’ay amorphous [5], 
The lines corresponding to YIG and spinel and 

.'.lexagonal phase are observed in samples heat- 

treated at or above 650 °C , The intensity'' of pealcs 
corresponding to YIG increases with higher heat-treatment 
temperature and longer heat-treatment time indicating growth 
of garnet phase. 

The d-valties for observed diffraction lines in the 
X-ray spectrum a,re evaliiated and are assigned to various 
infraction planes with the help of values reported for 
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41(b) X-ray diffractrograms of ¥ 3 ,^ Gd^ Fe 5 0^2 ( ^ ) samples and polycrysta- 
lline YIG recorded using Cu target with Ni fitter . 
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YIG ri4l, [15] axid o:-Fe20^ [l6]* The d-values and 

relative intensity of various diffraction lines are given in 
Taljll.e 4.2 for ready reference, 

MdsslDauer spectra of amorphous ~ 

sarviles lieat-trea.ted for 4 hours at temperature T = 400, 600, 
650 , 7('f',800, 900 °-c sho’tn.i in fig, 4.2. The Ifosshauer 
srectra a.re analysed by conventiona.! least Bq_uare fitting 
and SI?g: distribution are calculated using ¥indov7's [10] 
method. The calculated ET'G- distributions for these samples 
are shown in. Fig. 4.3. The Hossbauer parameters of these 
spectra (Fig. 4.2) are given in Table 4.3. The volume 
fraction of garnet phase is calculated by the area of 
maignetically split peaks due to gainiet phase. Two sets of 
quadrupole splitting values are given in Table 4.3. The 
rallies marked (a) are obtained by conventional least square 
fitting and marked (b) by EPQ- distribution method (Table 4*3). 
The quadrtipole splitting va,lues obtained by the two methods 
differ. This behaviour is common and has a3-SO been observed 
earlier [17]. The Mdssbauer spectra of YA4 and YA6 consist 
of two broad (width 0,78 mm/sec) quadrupole split peaks 
characteristic of amorphous paramagnetic nature of the 
samples. The large quadrupole splitting (~1.18 mm/sec) 
observed for YA4 and YA6 can be ascribed to amorphous nature 
of th.ese samples because in ar;i.orphous systems a large number 
of non-identica-l sites with a substantial departure from 
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Fig. 4-2 Mossbauer spectra of Y 3 _j^Gd^ Feg 0^2 ^ ^ samples 
recorded at room temperature (295 K). Peak positions 
observed for polycrystalline YIG and f-Fe 2 O 3 are 
also shown . 







Table 4.2 MSssbauer pareceters of * 0) seoplea 
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cubic syiviraetj-’S^ exists [18] which gives rise to large q_ua.drupole 
splitting. The IS values with respect to a-Pe observed for 
YLA and YA6 are 0,36 and 0.38 mra/sec respectively and are 
in between to the corresponding values for octahedral and 
tc-'-rabedral coordinated Pe . This indicates that Pe' 
evicts in both coordinations but the spectra due to these 
sites are not resolved becarise o± the an.orphous nature of 
the samplers. The Iibssbauer spectra of YA6.5 consists of a 
cL’uadrupole conponent and a weak magnetic component. The 
parameters of nag 3 .ietic coi.iponont could not be evaliiated due 
to its very low ir.tensity. In Fig. 4.2 we have also shown 
t>iO observed Jibssbaiier peak positions for polycrystalline 
YIt- and Y“J’®2*^3 ®as7 identification of observed magnetic 
■■'ho.ses. The magnetic component further gx'ows in sample heat- 
treated at 700 and 800 °G (YA7 and YA8). Prom IS 0,41 
mm/sec) and internal magnetic field (483 + 15 kOe) this 
rocagretic component appears to be a coiiibination of y-Fe^O^ 
and C';-Fe20^. In the X-ray data of these samples we have 
observed diffraction lines due to these phases and garnet 
YIC- phase. In YA6,5 and YA7 we observe two sets of puadrupole 
splits pairs. The first one with AP = 1,19 mm/seo is charac- 
teristic of arftorphous state and this component reduces in 
intensity when we go from YA6.5 to YA7. The other pair with 
higher AS = 2.25 mm/sec value may be characteristic of 
magnetic phases. In YA8 the quadrupole component completely 
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disappears indicatiiiA magnetic ordering of the present 
phases. In Mosshaner spectra of TA6,5 and YA7 the garnet 
phase is not visible hut in TA8 we observe the presence of 
YIC- phase. The volume fraction of ganaet phase present in 
YA6.5 and YA7 and YA8 seemsto be small compared to other 
phases. Secondly, the garnet phase is not magnetically 
orclex-ed in YA6.9 and yA7, In YA8 two six-line patterns 
are observed, the intense one can be due to a combination of 
Y-l’e^O^, c-Fe^O^ and octahedral site of YIG, Since the 
internal magnetic field strength for these phases are 
adjacent and are not resolved in the Hdssbauer spectra. 

The h~ray data of these samples also provide evidence of 
the coexistence cf these phases. The weak six-finger 
component is due to tetrahedral site of YIG. The magnetic 
split component d'tie to YIG octaliedral site is submerged in 
t]]e peak due to Y“1'®2^3 The percentage area 

of YIG component is estimated to bo 10 /. while the remaining 
90 /I is du.e to other phases. The YIG component grows from 
10 X in. YA8 to 65 */• in YA9, A siiailar behaviour is 
observed in X™ra3'' data where. the relative intensity of 
diffraction lines due to spinel and hexagonal phases 
decreases approximately by a factor of 3 in YA9 compared 
to YA8 (see Table 4.2). Thus heat-treatment at higher 
tempere-ture is more favourable for development of garnet 
phase. From the X-ray data heat-treatment schedule A 
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seeras to be raore favourable than scliecLule iJ. Similar 
beliavj.our is observed for z = 0,5 system discussed in 
Sec. 4 . 3 • 2 . 

As observed from the Z-ray and Iidssbauer data the 
crystallization temperature is around 600 °C , lo support 
this conclusion we present magnetization data of these 
somples given in Table 4.4. Saturation or spontaneous 
magnetic moment increases sharply in sample heat-treated at 
600 (YA6) oi’ above 600 °G indicating crystallization of 

magnetic phase as the heat-treatment temperatui-e increases. 

¥e have cax^ried out EPR measurements of these samples 
to study the coordination and syimiietry of iron ion. Typical 
DPR spectra of sarples recorded at 

room temperature (295 h) and at liq.uid nitrogen temperature 
(70 Z) are shown in Pig. 4.4« The landau g factor and 
linewidth AH for 2^12 (x = O) samples are given 

in Table 4.5. The EPR spectra of all these samx^les show 
only one resonance with g value 2,1 at room tempoi’ature 
and g value lies between 2,13 to 2,37 at liquid nitrogen 
temperature. This resonance is duo to Pe^'*' - Pe^"^ inter- 
action (g - 2) in these samples [18], The observed g values 
(Table 4.5) differ from the g value observed for crystalline 
YIG [2l. This difference may be due to amorphous nature of 
these samples. It may be mentioned that resonance corres- 
ponding to g = 4.3 which usually occurs for paramagnetic Pe^’*' 
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Table 4.4 Magnetic moment of samples. 


Sample 

YA4 

YA6 

YA7 

Y 18 

YH6.5 

Y1'I7 

T'lagiietic moment 
at ^6 KCt 

II (emu/gm) 

0.50 

8.3 

10.8 

9.4 

5.0 

4.9 


Ts-ble 4.5 EPR results for samples. 


Sample 


Room temperature (295 K) 


liquid nitrogen tempera- 
ture (78 K) 


AH 

(gauss) 


-l. 

TA6 . 5 
YA7 
YA8 
YA9 


700 

725 

550 

558 

475 


g 


Ah 

(gauss) 


2.08 

2.09 

2.09 

2.08 

2.08 


1350 

1375 

575 

825 

750 


g 


2.22 

2.22 

2.37 

2.13 

2.22 
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ions [19] is not observed in any oi the samples. This 
behaviorir indicates the presence of some super- exchange 
interaction in all the samples. It is obsei-ved that line- 
xidth for 3rA4 and YA6.5 are nearly same. However, a sharp 
decrease is observed in case of Y17. The line-width further 
decreases for YA3 and YA9 in 3PR spectra recorded at room 
temperature. The decrease in line-width as a function of 
heat-treatment temperature is indicative of crystallization 
of iiiagnetic phases which enhances sniper- exchange interaction, 

4.3.2 5*^12 With x = 0.5 

The X-ray diffraction patterns of the as prepared 
precxirsor and heat-treated Y^__,^Gd^Pe^ 0^2 “ 0*5) samples 

are shoim in I'ig. 4.5« The d values, relative intensity 
and assignment of observed diffraction lines are given in 
Table 4,6, The samples heat-treated below 600 °G are X-ray 
amorphous. The samples given heat-treatment above 600 
show presence of garnet phases^ Some other phases such as 
o-Pe^O^ and Y'‘'^®2^3 also present. The ratio of garnet 

phase increases in samples heat-treated at higher temperature. 
The heat-treatment schedule A compared to h is more favou- 
rable for development of garnet phase, 

Mdssbauer spectra of “ 0»5) precursor 

samples heat-treated at temperatures, T = 400, 600, 650, 700, 
GOO^C are shown in Pig. 4*6 (a) for heat-treatment schedule A 
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anfT in Fig, 4.6(1) for schedule Ji'. The Mosshauer spectra of 
these samples (z = 0.5) sIiot/t essentially the similar behavioiir 
as that observed for x = 0 samples. The Hossbauer spectra 
are analysed as explained for z = 0,0 samples. The hossbauer 
parameters obtained from the analysis of these spectra (Pig. 
4.6(a) and (b)) are given in Table 4.7(a) for schedule A 
sajaples and in Table 4.7(b) for schedule h samples. The 
hossbauer spectra of samples heat treated at various 
temperatxire show essentially the similar behaviour as that 
of X = 0 system except the volxime fraction of garnet phase 
observed in x - 0,5 samples is more than that observed in 
X = 0 sample (see Tables4,3 and 4,7), O-ur main interest in 
this studj)" was to determine the optimum heat-treatment 
schedule suitable for development of garnet phase. We have 
studied this x = 0.5 system in detail by giving various heat- 
treatments. Ve have selected this system for extensive sttidy 
beca^xse the volume fraction of garnet phase is found to be 
more in this system compared to other systems studied. 

Mbssbauer spectra of saraples heat-treated below 
600 °C (YG-A4, TGA6, YGn6) C03isist of two broad (PWHM = 0.70 
mm/sec) quadrupole split peaks characteristic of amorphous 
paramagnetic nature. The q.uadrupole splitting AE = 1.10, 

1.11 and 1.05 mm/sec obtained for YGA4, YGA6 and YGHS 
respectively by conventional least square fitting differ 
from the AB values obtained hy EPG distribution (values 



Counts ( orb. units ) 


^\f ^GA6 



Fjg.4-6(a) Mossbauer spectra of Y3_j^Gd^ Fe^ 0^2 = ^ 

samples heat treated as per schedule A , Peak 
positions observed for polycrystalline YIG 
and f-FeoCo are also shown. 
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Eiar]red ("b)) in a consistent manner. The calculated EITGr dis tri- 

hut ions for these samples (x = 0.5) are shown in Fig. 4.7. 

IS values in these sajaples are intermediate to those for 

- 5+ 

octahedral and tetrahedral coordinated re^ , It indicates 
that both coordinations do exist in these samples but are 
not resolved due to amorphous nattire of these samples. 

Similar behaviour was also observed in x = 0 system for 
sairple heat-treated at 600 °c. 

The MbssbavLer spectra of saraples heat-treated at 
650 °C for 4 hours (YGA6,5 and YG1'T6,5) consist of two 
cLuadrupole split peaks and magnetically split (six-finger) 
components, while in sample heat-treated at 650 °0 for 
40 hours (Y0]I6*5*) only magnetically split (six-finger) 
components are observed. One quadrupole pair with AS 
1.05 m.m/sec is due to aoiorphous state. The other q.uadrupole 
split pair inth Ah = '2.00 mm/sec is characteristic of 
growth, of magnetic phases. The q_uadri.ipo3.e split component 
vanishes in sample heat-treated above 650 °C indicating 
magnetic ordering. From IS and values# the magnetic 

coroponents are identified to be due to a-Ye^O^ and 

the garnet phase. The volume fraction of garnet phase in 
TQ-1'6.5, YGA6,5 and YG1I6,5* is 10 7, , 59 7. and 50 7» (see 
"able 4,7) respectively. This shows that heat-schedule A 
and longer heat-treatment time is more suitable for develop- 
;’.ont of garnet phase. Magnetic moment versuis magnetising 



p(V) ( orb. units ) 
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1/4 e2qQ (mm/sec ) 

Fig.4.7 EFG distribution for Y3_^Gd^ Fe5O,2^^=0^ samples. 
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field plots for samples lieat~treatecl at 650 and 700 °C are 
shown in fih. 4.8, The higher magnetic moment observed foi* 
TGlT 6.5* compared to y(TA6,5 indicates larger aiT).otmt of magnetic 
phases in this sample. The Mbssbauer spectra of sample 
heat- -treated at 700 °C (YG-A7 and YCiK7) and 000 °C (YOAG and 
YCro) 3h.o\T only magnetically split components. The volimae 
fro.ction of garnet phase increases with higlier heat--treatm.ent 
temperature. The volume fraction of garnet phase is more 
in samples given heat-schedule A compared to samples given heat - 
schedule 5, 

Typical SPR spectra for “ 0.5) samples 

are shown in Pig. 4.9 and the EPIi results are given in Table 
4.0. The g value is around 2.1 at room temperature and lies 
in the range 2,40 - 2*13. The line-width remains almost 
similar in samples hea^t-treated at 400 and 600 ®C, The 
line-width decreases sharply in sample heat-tr'eated at 
650 which is indicative of crystallization of magnetic 
plmses at this temperature. The resonance corresponding to 
g = 4.5 is also not observed in any of these, samples , This 
be expla.ined due to super-exchange interaction as done 
in co.se of x = 0 system. 


A ’’ Y 


System With x = 3 


. Jr.- 


The ][~ray diffraction patterns of Y^__^Gd^Pej0^2 5) 

samples are shown in Pig. 4*10. The sample heat-treated 



M ( emu/gm ) 



Fi g.4-6 Magnetic moment versus H for V 3 _jjGd^ Fe 5 0^2 
(x=0'5) samples heat treated at 650 and 700*C. 
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Ta51e 4.8 BPR resTxLts for ^ samples. 



Room temperature 

AH 

( gauss ) 

(295 f) 

g 

liquid nitrogen temperature 
(78 K) 

AH g 

(gauss) 

7014 

875 

2.14 



7016 

725 

2.09 

1500 

2.46 

YG16.5 

375 

2.11 

475 

2.22 

4016. 5* 

263 

2.10 

562 

2.18 

YG-IC 

363 

2.14 

650 

2.13 

rC:-T6 

850 

2.09 

1425 

2.48 

YGIia 

387 

2,12 

450 

2.26 
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eWfracfrCNjrOtns^^ of Y3_jsG<fjjFeg0^2 Cx=3-0 ) samples recorded using CrK target 



upto 500 °C ar-G X~ray amorphous. The samples heal-treated 
above 500 °G show diffraction lines due to garnet (GdIG), 
Hexagonal and Spinel (Y™l'e20^) phases. The d 

values, relative intensity and assignment of observed 
cl iffro.ction Ihios are given in Table 4.9. It is interesting 
that the h"ra.y dif fx“action lines observed for this system 
are nearly the same as observed for the earlier x = 0 and 
X = 0,5 samples. The volume fraction of hexagonal a-PegO^ 
phase is found to be more than that in x = 0 and x = 0,5 
systems. Because the substitution' of Gd^’*' ion for 
resTilts in exsolution of spinel and hexagonal phases [8], 

The volume fraction of garnet phase increases with higher 
heat-treatment temperature (it increase by about a factor of 
2 in TA7 as compared to TA5.5). 

Mdssbauer spectra of Y^__2.&d,j.Fe^0^2 = 5) samples 

heat-treated at temperatures T = 500, 550, 600, 650, 700 °C 
are shown in Pig, 4.11. The Hdssbatier parameters evaluated 
from these spectra are given in Table 4.10. The Mdssbauer 
spectrum of GrA5 consists of tvro broad = 0,80 mm/sec) 

quadrupole split peaks characteristic of amorphous paramag- 
netic nature of the sample. The isomer shift with respect 

to c;-Pe (0.55(3) mm/sec) and q.uadrupole splitting ( AS = 

54. 

1.17(2) mm/sec) suggest that the Pe exist mainly in 
tetrahedral coordination in YA5 and YA5.5. While YA5.5 
shows a quaclrupole split component and a magnetically split 
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• GA7 


'^GA6.5 


GA5.5 


l/.Fe203 


Velocity (mm/s«c) 

vIossbQucr spectra of Va^Gd, Fej 0,2(*=3 ) samples recorded 
at room temperature. Peat* positions observed for polycrystalline 
V'lG and '/-Fe 2 03 ore shown at the bottom. 
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coi’ponc-nt . 

The libs. shadier spectra, of (xA6, GA6,5 and. GAT consist 
of only riaaj:;;i.ietica.lly split coiiiponents (sin-finger spectra). 
The uo.gnetic component found, in C-AT.Tj. GA6, G-A6,!5 and GAT 
is identified to he mainly doie to ct-Pe^O^ and The 

spectra of &A6.5 and GAT show presence of garnet phase. The 
ITbsshauer spectrum of GAT vas recorded for larger counts 
twice the value iisoially tahen) to confirm the presence 
of garnet phase (see l-ig. 4.11). Although the X-ray data 
re-.'oal garnet phase (GdIG ) the I-Ibsshauer spectra do not 
show the same amount of garnet phase. The reason for this 
heha,viour 10.0.3'' he two-fold, 

1. The volume fraction of garnet phase is small and the 
hyperfine -field corresponding to it is smeared out 
cUiG to presence of large amounts of a'-Fe20^. and 

2. The compensation temperature of GdIG is near I'oom 
temperature (2T5 X) [2 ], Therefore G-dIG remains in 
magnetically disordered state at_ rooDi temperature. To 
chec.h 'bliis point we recox-ded the Mbssbaxier spectra of 
these samples at liquiid nitrogen temperature ( T8 K). 
These spectra are sliovm in Pig, 4.12, But even in 
spectra recorded at liTT the volimie fraction of garnet 
phase has not changed. 




Velocity ( mm/sec ) 

Fig.4.12 Mossbauer spectra of Y 3 _^Gdj^ Fe 50 , 2 ( x=3 ) recorded at liquid nitrogen temperature. 

Peak positions observed for polycryslalline YIG and Y-Pe 203 are shown at the bottom 
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The above two effects raa.y account for the observed 
vo2.uEie fraction of G-dIG phase. But in Mbssbauer -‘spectra 
gj- gat recomeci. ror extencled. tine we clearly see that garnet 
phase is present and in G'A6,5 and GAG also there is an 
indica,tion of garnet phase (5'ig. 4 , 11 ). 

EPPu spectra of these samples were recorded at RT and 
IITT. Some t^^pical BPR spectra are snown in Pig, 4,1'2. EPR 
line-width for g ~ 2 resonance versus heat-treatment tempe- 
ratuie is plotced in Tig, 4»14» The PPR results are given 
in Table 4.11. ¥e obser-^e g 2.00 resonance as observed 
in earlier x = 0 and x 0*5 system. In addition we observed 
another resonance vrith g = 5.15 in GA5.5 and g = 5.70 in GAS 
at room tempera tGire which correspond to g = 4,5 resonance 
observed for paramagnetic Pe^'*' [19], The EPR line-width Ar 
versus heat-treatment temperature plot (Pig, 4 , 14 ) also ■ 
sho^sa - change at T = 550 °C . This indicates some kind of 
transition around this temperature. The g val'iie for g = 2 
resonance increases continuously for room temperature spectra 
and decreases for LPT spectra. 

4 . 4 STITMAR Y 

Amorphous garnet system = 0, 0,5 

and 5 ) in which garnet phase can be crystallized by suitable 
heat-treatment have been studied by Mbssbauer spectroscopy, 
h-ray diffraction, electron paramagnetic resonance (BPR) and 




Fig. 4- 
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Taole 4,11 Slj-'i results for the Gd PSpO, ^ (x = 3) saiiii'les. 

^ ^ J d.£l 


Sample 

Room 

temjo 

eratiire ( 29 p K) 

liquid nitrogen temperature 
(78 lO 



g 

AH(G) 

g 

ah(g) 

YGA5 


2.01 

700 

2.86 

750 

Q'A5 . 5 


2,11 

650 

2.74 

600 

GA5 . 5* 


2.16 

450 

2.18 

500 



5.15 

825 



GA6 


2.15 

500 

2.15 

750 



5.70 

900 



G-A6 . 5 


2.29 

475 

2,18 

900 

GAT 


2.33 

■575 

2.25 

825 


(Qwo mourn i 


-0- inT 


600 


treatment temperature T{*C) 

EPR resonance linewidth ( AH ) observed at RT and LNT 
Versus heat treatment temperature plot for Y, Gd 
(x=3) samples ^ 






ma^aetiza/bion measarementG . IThe measurements have been made 
o:i sajiinle given variovis heat-treatments (see Table 4.1 for 
details oi these samples). The crysta.llization temperature 
for the T.. ^Grd^Jec-O^ _ system has been found to be around 650,600 
550 °C for X = 0,0.5 and 3 respectively. The Mbssbauer spectra 
of saiaples heat-treated below crystallization temperature 

consist of broad quadrupole split peaks characteristic of 

% 

amorphous parama.gnetic nature of samples. T'ron IS and AE 

3+ 

values it is inferred that Ee*^ exists in both octaliedral 
and tetrahedral coordina'^ions . The Mossbauer spectra of samples 
heat-treated above the crystallization temperature 
consist of magnetically split components due to crystalli- 
zation and magnetic ordering of cc-Fe^O^, Y“f'® 2*^3 garnet 

phase. The volume fraction of garnet phase is fo-ond to 
increase in sample lieat- treated at higher temperature and 
for loiiger duratio/'i. The heat-treatment schednile A is found 
to be more favourable then schedule jT for development of 
garnet phase. ^Mossbauer spectroscopic data are correlated 
with X-raj^ and magnetization data. In BPE resonance corres- 
ponding to g = 2 has been observed in all the samples, in 
addition g = 4.3 resonance has been observed in some x = 3 
saraples. The EPR line-width decreases with higher heat- 
treatment temperature indicative of crystallization of 
magnetic phases. These studies are found to be very useful 
for identification of various magnetic phases present in 
amorphous garnet system. 
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CHAPTER 5 


MO S SB AUER SPECTROSCOPIC STUDIES OE DILUTE 
'' ALlJliIMIUM--IROH ALLOYS 


5 . 1 irtroductior 

Iron is always present as an i-jpurity in commercial 
aluminium and .i'.v- .inium alloys to the extent of 0,5 to 1.0 
wt. y. . They form a variety of intermetallic compounds such 
as Al 5 Ee, Al^^Pe^, AlgEe 2 , Al 5 Ee 2 etc. which have well - 
defined geometrical shapes. These compounds are formed when 
the molten aluminium and alloys are cooled to form ignots or 
castings. It is difficult to redissolve them by heat- 
treatment in the solid state and hence they are referred to 
as 'insolubles'. These insolubles are strongly electro- 
positive ifith respect to aluminium, leading to enhanced 
corrosive attac]; on these alloys. They have a profound 
effect on the mechanical properties! they are normally 
brittle and affect adversly the ductility of aluminium alloys. 
It is interesting to study the precipitation characteristics 
of various iron containing phases as a function of heat- 
treatment. 

The solid solubility of iron in alum^jaium is 
esctremely small (only 0,05 wt 7* iron at 655 [l] and 

dropping rapidly to almost zero solubility at lower tempe- 
ratures). It is well loaown that a large super-saturation 
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Ox jJ'e in A1 can be achieved by rapid solidification techniques 
s'ach as ine3.t, spinning, splat q^^enching' etc. [2]. lor example, 
Tonejc et al. have prepared super-saturated Al“3^'e alloy (le 
2.13 wt y.) [3]. Ihe extension of solid solubility results in 
constitutional changes in the retained phases. Non-equilibrium 
-ojiases can form as a result of being favoured kinetically over 
equilibrium phases [2j. lor example, by controlling the 
sclidiiication front velocity (via steady withdrawalof a 
sufficiently thin sample through a high temperatiire gradient) 
the pi'imary equilibrium phase ^ll^^Pe^ can be suppressed in 
favour of the non-equilibrium Al-Al^Fe eutectic with or 
without a-'Al dentrites [4]. The other non- equilibrium phases 
Alj,^Fe or Al^^-Fe are also identified to be formed [5]. Further 
extension of solubility of Fe in c;-Al, eventually results in 
partitionless solidification to form featureless single 
phase a-Al solid solution with the same composition as the 
parent melt [6], The aluminium-rich end on the Al-Pe binary 
phase diagram is shown in Fig, 5.1 [7]. Under equilibrium 
condition, the solid solution and Al^^Fe^ are the only phases 
paresent in alloys containing < 30 wt /, Fe, However, as 
pointed out earlier a variety of metastable phase can be 
formed by rapid solidification. 

A Variety of experimental techniques such as Z-ray 
diffraction and scattering [5,8] transmission electron 
microscopy [9-10], neutron diffraction [ll] and Hbssbauer 



Fe ( wt 7- ) 


Fig. 54 Atuminium - rich end of Al~Fe binary phase 
diagram [7] . 
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B poctroscopy lia'/e been used to study the structural defects 
( e.g. interstitial, vacancies and their agglomerates) their 
iimaediate neighbovrhood on a q.uasi"microscopic .scale and the 
nature of phases present. Mdssbauer spectroscopy has been found 
to very tiseful because it provides valuable information about 
tlie local environment of probe (Fe) atom and various phases 
poresent in the sample* 

A large mimber of M'dssbauer spectroscopic studies of 
AZL-fe alloys has been reported. These studies can be classi- 
fied into two groups, one which is related to concentrated 
( >10.0 wt '/, I'e) and the other corresponding to dilute 
( <10,0 wt Pe) Al-Pe alloys. Mdssbauer studies on the 
concentrated alloys are mainly concerned with order-disorder 
transformation and the effect of cold working on these alloys 
[ 12-14], A relat'ively large number of Mossbauer spectroscopic 
studies have been carried out on dilute Al-Pe alloys [15-20]. 
HSssbauer pax’ameters of isolated iron atoms (monomer, dimer and 
clnsters), intermetallic co-mpounds (Al^^Pe^, AlgPe, Al^Pe 2 » 

All'e) and structural defect states (vacancy, interstitials, 
guain bo'ondary etc.) are established [15] » These results, 
given in Table 5.1 for ready reference, form an excellent 
basis for the study of various phases of iron in aluminium 
matrix. 

In this chapter we report the results of Mdssbauer 
spectroscopic studies of rapidly solidified Al-Pe alloys. 
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Ta'b3.e 5,1 Parameters of defect states and phases of iron in 

aliiiiiiiiiiai [ . 



Iron state 
or pTiase 

] Crystal 
structure 

Lattice 

Parameters 

(A) 

M'dssbauer 
Isomer shift 
(w.r . t.a-Pe) 

: mm/sec 

Parameters 

Quadrupole 

splitting 

mm/sec 

O CQ 
•H 'ij 

AlgPe 

Orthorhombic 

a = 6.49 

b = 7.44 

c = S.79 

0.22+.01 

0.26+.01 

H 

H P 
c\5 o 
■P Pi 
C!-> ri 

p| o 
u o 
0 

4 

Mono clinic 

a = 15.49 

b = 8.08 

c = 12.48 

0.20 

0,40 

p 

M 

0 

Al^Pej 

Orthorhombic 

a =s 7.67 
b = 6.40 
c = 4.20 

0.231'. 01 

0.46 

o 

-p 

-p 

ca 

P 1 
o 

Nonomer 

0 0 0 0 0 

0 0 0 0 0 

0 0^00 

0 0 0 0 0 

PCC 

a = 4.05 

0.42+.002 


p 

•H 

0 

-p 

n3 

H 

O 

Dimer 

0 0 0 0 0 

0 0 ® ® 0 

0 0 0 0 0 

10 0 0 0 0 


0.11+,02 

0.37+.02 

defect Is 

Cluster 

Vacancy 

0 0 0 ® 0 

0 © •© S 0 

0 (gi # 0 

0 0 @ 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 0 mo 

0 0 0 0 0 

0< 0 0 0 0 


0.15+.01 

, 0.25+.01* 

** 

0.32+.01 

U2 

jH 0 
C\3 

P 03 

-p 

P 

o 

Interstiti” 

al 

0 0 0 0 0 

0 0-% 0 0 

0 0 0 0 0 

0 0 0 0 0 


0,15+.01 

0,17 

f-i 

,p 

Grain- 

0 0 0 0 0 


0 a 03la 01 

0.32+,01 

CO 

boundary 

0 0 0 0^ 

0 0 CHr5 0 





*at MT (78 K)f **at Liquid He Temperature ( 4.2 K) . 
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Tlis samples were suiDjected to various iieat-treatiaents and 
transformation of various phases was studied using I-fdsshauer 
soectroscopy. 


5 . 2 EXPER IIiSITTAl 

5 » 2 . 1 S ajirp le Pre naration 

Two sets of samples, one with 5*8 wt % Pe and 0,85 7* 
niisch metal and other with 9 *94 wt 7", Fe and 1.25 wt */, misch 
m.eta.1 ■^rere prepa^red by melt spinning techniq_ue. The 
riisclx metal composition is 51.7 /. Ce, 20-25 % la, 10-15 */. 
u? 4'“6 /. Pr and 0,1 /, Pe. The samples have been supplied 
through the kind courtesy of Dr. J.A, Sekhar of Defence 
ri'etallurgical pLesearch Laboratory, Hyderabad, 

5.2.2 Mdssbauer Measurements 

The Mossbauer spectra of as-received samples were 
recorded at room temperature. The samples were annealed 
using two different schemes, , 

(l) In order to study the effect of temperature on growth™ 
deca 3 '' of various phases, the samples were annealed at 
temperatures of 200, 500, 400, 450, 500, 550 and 600 °G 
for one hour each. Presh samples were used for each 
temperature. 
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(2) I'o study effect of annealing tine tlie samples were 

annealed at 550 °G for 0.5? 1? 2, 5? 20 and 100 Jiours. 
f'resii saiaples were used each ti’ne. 

for the above lieat-treatmeiits yfurnace temperature was 

controlled within +5 °C of set valpe. The samples were cooled 

57 

slowly to roora temperature. Pe Mossbauer spectra were 
recorded at room tepiperature using constant acceleration 
S'jectrometer described in Chapter 2, 

To study the variation of the Kbssbauer parameters 
of equilibriim phase Al^^^Pe^ and monCKier as a function 
of temperature, the Mossbauer spectra were recorded in— situ at RT, 
ICO, 200, 3’00, 400, 500, 550 and 600 °0 by mounting the 
sampl© in a furnace. The sample temperature was controlled 
with + 1 *^0 , A single sample of each concentration was used 
to record all these specti’a. The variation of sample 
temperature with time is shown schematically in T'ig, 5.2. 

The Mossbauer spectra were recorded in the constant temperature 
regions marked 1—8 of the Pig. 5*2. 

5.5 RESULTS AID DISCUSS lOIT 

5.5*1 Mossbauer studies on isochronally annealed samples 

As pointed out earlier Mbssbauer spectroscopic studies 
on isochronally annealed Al-Pe alloys (5*8 and 9.94 wt 'j , Pe) 
heat-treated in the temperature range 20 to 600 ^C for an 



009 



Fig. 5 2 Variation of sample temperature with time during the in-situ Mossbduer measu 
rements Mossbauer spectra were recorded in constant temperature regions 
maf1(cd [l-8] . 
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annealing tiine of 1 hour were carried out at room temperature. 

The results of these studies are presented in this section. 

(a) Al-Fe alloy with 5»8 wt 7. Pe 

The room temperature M'dsshauer spectra of the samples 

in the as-received condition and after annealing at temperature 

» 

of 200, 500, 400, 500 , 550 and 600 °C are shown in Fig. 5.5* The 
spectra were analysed to estimate the amount of various phases 
using the computer program. described in Chapter 2. The 
peak positions for various phases were taken from Table 5*1 
and were kept fixed during the fitting. The peak width for 
various phases were constrained to be same. Thus width and 
intensities of peaks corresponding to various phases were the 
only adjustable parameters. Attempts have been made to fit 
the MSssbauer spectra of the as-received sample to a combina- 
tion of a number (between 2—6) of phases using the parameters 
listed in Table 5*1. The best fit was obtained for a, combina- 
tion of the metastable phase Al 5 Fe 2 f the equilibrium phase 
All^Fe^ and isolated iron states (monomer and dimers). Using 
the same procedure, we tried to fit the M'bssbauer spectra of 
samples heat-treated at various temperatures in terms of 
same phases as those found in as-received sample. In some 
cases, complications (i.e, computer program not converging 
and giving negative intensity for some phase(s)) arose and 
in such cases those particular phase(s) were excluded and 
other possibilities were tried. The results of this analysis 
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Table 5, 2(a) Ob served amount of various phases present in Al-Pe 
(5,8 wt */ , Pe) as~received sample and in samples 
heat-treated at various temperat^ire for 1 hour 
each. These results are based on our Mb'ssbauer 
measurements . 


Annealing 

Temperature 

00 

Peak 
width 
mm /sec 

Amount of various phases 
Al^Pe 2 Al^^Pe^ ' Monomer 

present 

Dimer 

As-received 

0.29+.01 

61.7 

8.1 

14.4 

15.8 

200 

0,32+.0l 

66,9 

3.6 

14.6 

14.9 

300 

0.33+.01 

" 

67.3 

2.4 

15.7 

14.6 

400 

0.32+. 01 

9.0 

48.0 

28.8 

14.2 

450 

0.30+.01 


71.1 

29.9 


500 

0.27+.02 


73.6 

26.4 


550 

0.26+.01 


88.1 

11.5 


600 

0,30+. 01 


82.7 

7.4 



Amounts of various phases ( 



Isochronal annealing temperature ( •(;> j 

Fig.5-4 Variation of amounts of various phases observed Ai-Fe { 5-8 wt ) 
samples as a function of isochronal annealing temperature. 
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are given in Table 5.2. In Pig. 5-3 the component spectra due 
to various phases are shown along with the composite fitted 
spectra.. 

■ If the recoil-free fraction is assumed to be same for 
iron atoms in various phases, then the peak -area due to 
various phases would give the fraction of iron atoms present 
in the respective phases. The area under the resonance due 
to various phases is given in Table 5*2 and is also plotted 
in Fig. 5 *4 » to facilitate the discussion. The metastable 
phases Al^Fe 2 remains almost constant in samples heat-treated 
at 200 and 300 °C. The amount of Al^Fe 2 phase decreases rapidly 
above 300 °C and vanishes completely in sample heat-treated at 
430 °C. The equilibrium phase Al^^Pe^ and monomer are 
present in samples heat-treated at 550 ^C. The amount of 
equilibrium phase is found to increase continuously in samples 
heat-treated at higher temperatures, while the total amount of 
isolated iron atom state (monomer and dimer) decreases with 
higher heat-treatment (see Table 5.2). 

(b) Al-Pe alloy with 9.94 yt 7. Fe 

The Mbssbauer spectra of the as -received sample and 
samples heat-treated at various temperatures are shown in 
Fig. 5.5. The analysis of these 'spectra is similar to that 
of 5,8 /. Fe samples (for details see Section (a)) and the 
results obtained are given in Table 5.3 and plotted in Fig. 5.6. 



Counts ( arb. units ) 


t-O 0-5 00 -05 ,0-5 00 -0-5 

Velocity ( mm f sec ) 

fig.SS Some as FigS-O but for. At-Fe ( 9-94 wt */o Fe) samples. 
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Table 5.3 Same as Table 5.2 but for Al-le (9.94 wt 

le) samples. 


Annealing 

- — 

;Peak’*’ 

Amount of various phases 


temperature 

OQ 

width 

mm/sec 


■^^15^®4 

Monomer 

Dimer 

Cluster 

As-received 

0,29 

55.6 

14.6 

6.8 

24.8 

17.8* 


0 . 29^' 

49.9* 


9.0* 


200 

0.28 

0,29^ 

52.4 

48.0* 

20.4 

8.0* 

22.5 

21,1* 

* I 

29.9 

o 

o 

0.50 

0.50^ 

50.1 

46.1* 

25.1 

7.8* 

24.8^ 

19.1* 

27,0* 

400 

0.28 

40.2 

44.7 

6.4 

8.7 


450 

0.29 

25.0 

50.7 

8.2 

18.1 


500 

0.25 


80.9 

14.1 

5.0 


550 

0.25 


86.1 

15.9 ■ 



600 

\ 


86.9 

15.1 




Second set of values marked * were obtained from a fitting wbich. 
included cluster states (see F'ig, 5. )• 

"^jilrrors in peak widtb. values are less than 0.01 mm/sec. 
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Fig.5-6 same as Fig.5-4 but for At-Fe ( 934 wt U Fe ) sampJes. 
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In "the as— received sample we find metastadle phase 
Al^I'e 2 » equilibrium phase Alq^Fe^ and isolated iron states 
(monomer, dimer and clusters). The amount of metastable 
phase decreases in samples heat-treated at higher temperature. 
The decrease is slow upto 3 OO °C and rapid afterwards. The 
equilibrium phase Alq^Fe^ is found to increase with heat- 
treatment at higher temperature. This behaviour is similar 
to that observed in the samples containing 5«8 wt y, Fe . 

In the Al-Fe alloy containing 5*8 and 9.94 wt y. of 
Pe one expects iron clusters to be present. However in the 
case of 5.8 wt /, Fe sample we obtained a good quality of 
fit without involving the cluster states. This observation 
indicates that clusters may not be present in these samples 
(5.8 wt 7 . pe). 


In the case of 9*94 wt */.Pe sample, one expects reasonable 
amount of cluster states to be present. We have, therefore, 
triad to include the cluster states while fitting the observed 
^'T’dssbauer spectra. The results obtained with such fitting are 
shown in Fig. 5.7 and in Table 5-5. The peak position for 
■^■^15^®4 iron cluster states are very close to each other. 

Hence the inclusion of the cluster states in our fitting affects of 
the concentration of We could not fit our spectra to 

DCth Al^^Fe^ and cluster states satisfactorily because such 
attempts resulted in negative intensity for Al^^Pe^. We 
ho'A-evar feel that both Al^^Fe^ and cluster states are present 
in the sample having 9*94 wt % Fe. 
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FigS? Mossbauer spectra of Al-Fe (9-94 wt */. Fe ) as received 
sample and the samples annealed at various temp- 
eratures for one hour. The spectra fitted for 

presence of various phases including cluster states. 



1 , 

f 
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5 .3.2 MQssbauer studies of isotheiroally treated samples 

Tsothermal annealing of the Al-Fe alloy samples has 
been carried out at 550 °C for lengths of time varying from 
0.5 to 100 hours. The results of Mbssbauer studies of these 
samples are presented in this section. 

The rrOssbauer spectra (recorded at room temperature) 
of samples heat-treated at 550 °C for 0.5» 1, 2, 5» 20 and 
100 hours are shown in Fig. 5.8 (a) and (b) for samples with 
5.8 and 9.94 wt /iFe re spe ctive ly. From our isochronal 
annealing studies at 550 °C of these samples we know that 
il^^Fe^ and nionomer are the two phases present. 

Therefore we have fitted all the spectra to a combination of 
Alf^Fe^ and monomer. . The good quality of fit (see 

Fig, 5. (a) and (b)) confirms that these are the two phases 

present in large amount. The peak-area values for the two 
phases are given in Table 5«4 (a) and (b) for samples with 
5-8 and 9.94 wt '/ , Fe respectively. The intensity values 
do ■ not show any systematic trend and remain constant 
(within + 57 .). In view of these observations we are not 
in a position to offer a definite comment about the effect 
of annealing time on phase transformation monomer Alj^^Fe^. 


5 . 5.3 In-situ Measurements 
( &) Al-5.8 wt y. Fe alloy 


Mbssbauer spectra of Al-Fe (5.8 wt */, Fe ) sample 



Counts ( Qftx units ) 
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Talle 5.4 (a) Olserved amounts of various phases in Al-Pe 

(5.8 ^''t y, E'e) saxiiples annealed at 550 °C for 
varions lengths of time. These results are 
based on our' Jibssbauer measurements. 


^ — 

T 

- 



Annealing 

time 

Peak 

■width 

Amount 

"^1 3^'® 4 

% 

of various phases Pres e] 
Monomer 

hours 

mm/sec 

7 . 

0.5 

0.28 + 

.01 

80.4 

19.6 

1.0 

0.28 + 

.01 j 

79.1 

20.9 

2.0 

1 

0.28 + 

.01 

1 

81.4 

18.6 

5.0 

0.29 ± 

.01 

76.6 

25.4 

20,0 

0.20 + 

.01 

80.7 

19.3 

i-GO • C 

0.28 + 

.01 

69.0 

31.0 





195 


Table 5.4 (b) Fame as Table 5.4 (a) b^it for Al-Fe (9.94 

wt 7* -©) sai'aples. 


Annealing 

time 

hours 

Peak T 

width 1 

mm/sec I 

0.5 

0.31 

1.0 

0.30 

2.0 

0.27 

5.0 

0.34 

20. 0 

0.30 

100.0 

0.30 


Amount of various phases 
Alf 4 Monomer 

7 . . 7 . 


80.2 

19.8 

78.8 

21.2 

85.0 

15.0 

77.2 

22.8 

81.4 

18.6 

77.9 

22.1 


recorded at 20 (RT), 100, 200, ^00, 400, 500, 550 and 

600 °C are ahown in Fie» 5.9 (a). Lrdssbauer spectrura of 
as -received sample at 20 °C (RT) is also shown in Rig. 5.3. 

Analjpsis of the irdashauer spectra recorded at 100, 

200 and 300 °C j.ndica.tes the presence of the same phases as 
tlios e observed in the as-received sample at RT. The spectra 
show a shift towards the lower velocity side due to well 
hnown temperature shift [21]. At 400 Al^^^I'e^ and 

monomer pha.ses are present and at temperatiire 500 °G 
onl^;- eq.uililDriurc phase Al^^I'e^ is present. ¥e have fitted 
these spectra in terms of these phases, the results of these 
fits are given in Table 5.5(S')«The quadrupole splitting and 
centre point of spectra were allowed to vai’y in these fits. 

The q.uadrupole splitting AS for Al^^I'e^^ phase 
decreases from 0,40 mm/sec at room temperature (see Table 5,5) 
to 0,26 mm./sec at 600 °C . This decrease ma3^ be due to 
temperatLire effect on ERG- given by the relation [22] 

AE(T) = AS(0) (1 - B T^/2) . 

( b ) Al ™„9 . 9A w;L. a lloy 

Kdssbatier spectra of Al-Re (9.94 wt /* Re) recorded 
at 20 (RT), 100, ,200, 300, 400, 500, 550 and 600 °C are 
shown in Rig. 5,9 (b). The spectrum recorded at 20 °G is 
also shown in Rig. 5.5. The analysis of these spectra 
indicates that Al 5 Re 2 , Al^^Re^, monomer, dimer and 



Counts ( orb. units) 



Fig.5-9(a) Mossbauer soectra of Al-Fe ( 5 8 wt •/. Fe ) 
samples recorded at various temperatures 
The solid lines represent the fits for the 
Alio Fez soectra. 
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Table 5.5 (a) Different iron phases present at various tempe- 
ratures in Al~Fe (5.8 wt 7. Fe) sample and 
Mfc'ssToauer parameters of Al^^Pe^ obtained from 
the analysis of Mo'ssbauer spectra measured 
in-situ. 


Mo'ssbauer parameters of Alj^^Pe^ pha£ 

Isomer shift Quadrupole Peak-widt 
splitting 

(w.r. t.a-Pe) 

mm/sec mm/sec mm/sec 


20 

Al5Pe2» Al2_3Pe^, 
monomer and 

0.20 

0.40 

0.26+.01 


dimers. 




100 

-do-" 

- 

- 

- 

200 

-do- 


- 

- 

300 

-do- 

- 

- 

- 

400 

Al^^f’e^, 

monomer 

-.08+. 01 
0 . 06 +. 0 P* 

0.37+.01 

O. 32 +.OI 

500 

A1^3Pe4 

-0.08+.01 

0.28+.01 

O.3O+.OI 

550 


-.ll+.Ol 

0.27+.01 

0.30 +.01 

600 

All 3? 04 

-.12+.01 

0.26+. 01 

0.29+.01 

1.3. 

As explained in the text quantitative analysis 

of spectra 


recorded at 100, 200 and 500 °G could not be performed 
satisfactorily. 

*IS value is for monomer phase. 


Tempe'- Phases present 
ratu.re 
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Table 5.b (b) ■ Saiae as Table 5.5 (a) but for Al™Pe (9.94 wt % Pe 

samples . 


Tempe- Phases present 

nature 

°C 

Mo’ssbauer parameters of A1 

Isomer shift Quadrupole 
(w.r . t.a-Fe) splitting 

mm/sec mm/sec 

^^Pe^ phasi 

Peak-widt] 

mm/sec 

20 

Ai^F'G2 9 ^4^ 

monomer 

dimers and clusters 

0.20 

0.40 

0.28+.01 

100 

-do- 



- 

200 

„do- 

- 


- 

500 

-d 0 “ 


- 


0 

0 

-do- 


- 

- 

500 

Ali^Pe^ and 
monomer 

-0,09+-01 

0 . 03+.01 

0,521**^^ 

0.28+-0^ 

550 


- 0 . 12+.01 

O. 5 O+.OI 

0.25+«01 

600 


-0,15 +. 01 

O. 27 +.OI 

0.27+.01 


K.B, As explained in the text, quantitative analysis of spectra 
recorded at 100, 200, 500 and 400 °G samples could not be 
performed satisfactorily, 

*IS value is for monomer phase. 
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clusters are present upto 400 °C , At 500 °C Al^^I'e^ and 
monopn.er phases alone are pres’ent and above 500 only Al^^Fe^ 
phase is present. The results obtained from the analysis of 
these spectra is given in Table 5.5 (b). The quadrupole 
splitting for decreases with increase in temperature 

as observed for 5.8 wt */• Fe alloys. 

The spectra recorded at 100, 200 and 500 °G could not 
be analysed satisfactorily because many (5-4) phases are 
expected to be present and temperature variation of the 
Fbssbauer parameters for these phases is not known and this 
situation brings in too many unknown variables making the 
fitting procedure very complicated. For a complete analysis, 
temperature variation of Mbssbau.er parameters of various 
pha,ses should be known. To achieve this, single phase 
standard samples should be prepared and in-si tu temperature 
varia.tion of Kbssbauer parameters should be observed. We 
could not carry out such studies but they are planned as a 
part of further work on Al-Fe alloys in ovir laboratory. 

Until then we prefer to leave our results in the form shown 
in Fig. 5.9 (a), (b) and Table 5,5 (a), (b). 

Transmission electron microscopic studies on these 
samples have been carried out by Ramachandran [25], The 
as -received sample of the 9*94 wt % Fe alloy shows a cellular ■ 
structure (Fig. 5.10(a)) with typical cell size of 0.2 - 0.4 pm. 
Occasionally large insoluble particles (^1 pm in size) are 




Fig. 5*10 (a) A typical transmission 
sleotron micrograph of as-recelTsd 
ll-fe (9.94 irt X* Fe) alloy. 


Fig, 5.10 (b) 1 typical else-* 

tron diffraction pattern, 
of- ae-receirsd Al-Fs 
(9.94 tt y. F#) alloy. 


Fig# r>»10 (c) A ’Inglo 

crystal spot pa'fcturn of 
an insoluble pbtai’Trad In 
rs-roealvod A1-Fe (9,94 
wt y. f«) alJ,oy, 
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found o j? -typical electron diffraction pattern of the as-receivec 
( 9.94 wt /. Fe) sample (shown in Fig, 5.10 (b) shows the presence 
of tv7o phase, the aluminium-rich solid solution (FOG, a = 4.05 
( the spots in the diffraction pattern correspond to this phase 
with electron beam direction of [l 1 2]J and metastable AgFe 
(orthorhombic, a = 6.492 A, b = 7.437 A and c = 8,788 A) (the 
ring pattern corresponds to this phase), A single crystal spo"^ 
pattern obtained from an insoluble particle is shown in 
Fig. 5 . 10 (c), It correspond to the orthorhombic phase AlgFe 
with electron beam direction of [0 0 1], 

Occasionally particles of the equilibrium phase Al^^l '®4 
(monoclinic , a = 15,489 A, b = 8.083 A, c = 12,476 and 
p = 107 °, 43’) are found. In case of saraples a.nnealed isochronall. 
or isothermally at temperatures ^1^500 °C only Al^^Fe^ and soli<i 
solution are observed, 

A comparision of results obtained with Mo'ssbauer spectro- 
scop 3 r reveals a good agreement between the two studies in the 
case of annealed samples. However jin case of as-received 
Sample Mossbauer spectroscopic show the presence of metastable 
phase Al^Pe^ while transmission electron microscopy indicate 
the presence of metastahle phase Al^Fe, Except this disagreement 
about the metastable phase, the resiflts obtained by the two 
method are in reasonably good agreement. 
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5 . 4 Sin''!rARY 


Mossbatier spectroscopic studies have beeii carried out 
on Al~?e alloj^s (5.Q and 9.94 ut y, Pe), ihe samples were 
heat-treated iso thermally at 550 °G for 0,5y 1 , 2, 5y 20 and 
ICO °c and isochronically for 1 hour at 200,300, 400, 500, 

550 and 600 °C . The Mdssbauer spectra of heat-treated 
samples were recorded at room temperature. In-si tu measure- 
ment were also carried out in the temperature range 20 °G to 
600 °C , The results of our Mossbauer studies can be summarized 
as follows. 

(1) In the as-received sample metastable phase Al^Pe 2 , 
equilibrium phase Al^^Pe^ and isolated iron states 
(monomer, dimer and cluster) are present. 

(2) On heat-treatment at various temperatures for 1 hr the 
metastable phase and isolated iron atom states are found 
to decrease while eqtiilibriimi phase Al^^Pe^ increase 
with heat-treatment at higher temperature. 

(3) Samples annealed at 550 °C for various times have 
only Al^jPe^ and monomers. The relative amounts of 
these phase remains unchanged (within + 5 */. ) with 
time of annealing. 

(4) In-s itu measured Mc)ssbauer spectra of the two alloy 

samples show the presence of Al^Fe 2 , Al^^Pe^, 
monomer dimer phases upto 400 °C in 5.8 wt 7, I'e 

and upto 450 0 in 9.94 wt 7. Pe alloy. Above these 
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teraperatures only phase is found to be present. 

The Mbssbsaier parameters for the Al-, ^Pe^ phase at higher 
temperature are calculated from these spectra. The 
q.uacl.ru.pole splitting decreases due to the well Imown 
temperatu.re effect. 

Diff ic'xlties encountered in analysis of the Mossbauer 
data are discussed and scope of future work is given. The 
results are compared with those of electron microscopy. 
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